Development of Novel Battery Materials for Lithium-Ion Batteries and Beyond by Cai, Jiyu
University of Arkansas, Fayetteville 
ScholarWorks@UARK 
Graduate Theses and Dissertations 
7-2021 
Development of Novel Battery Materials for Lithium-Ion Batteries 
and Beyond 
Jiyu Cai 
University of Arkansas, Fayetteville 
Follow this and additional works at: https://scholarworks.uark.edu/etd 
 Part of the Applied Mechanics Commons, Electro-Mechanical Systems Commons, Energy Systems 
Commons, Engineering Mechanics Commons, and the Mechanics of Materials Commons 
Citation 
Cai, J. (2021). Development of Novel Battery Materials for Lithium-Ion Batteries and Beyond. Graduate 
Theses and Dissertations Retrieved from https://scholarworks.uark.edu/etd/4140 
This Dissertation is brought to you for free and open access by ScholarWorks@UARK. It has been accepted for 
inclusion in Graduate Theses and Dissertations by an authorized administrator of ScholarWorks@UARK. For more 
information, please contact scholar@uark.edu. 





A dissertation submitted in partial fulfillment 
of the requirements for the degree of 









Beijing University of Technology 
Bachelor of Science in Mechanical Engineering, 2013 
University of Arkansas  



















Steve Tung, Ph.D.     Jingyi Chen, Ph.D. 





Uchechukwu C. Wejinya, Ph.D.   Arun Nair, Ph.D. 
Committee Member     Committee Member 
ABSTRACT 
As fossil fuels are depleting and causing environmental issues, it becomes imperative to widely 
implement renewable energies (e.g., solar and wind power). In this context, electrical energy 
storage (EES) systems are essential to accommodate the intermittent supply and uneven 
distribution of renewable energies. To this end, high-energy-density EES devices are highly 
demanded, such as rechargeable batteries. This dissertation presents my efforts in developing 
novel battery materials for lithium-ion batteries (LIBs), sodium-ion batteries (SIBs), and solid-
state lithium batteries (SSLBs). These efforts include electrochemical evaluations of battery 
materials, surface modifications of electrodes via atomic layer deposition (ALD), and advanced 
characterizations of batteries materials.  
In this dissertation, my first effort invested on the growth of ZnO nanofilms via ALD. ALD 
technique possesses some unrivaled merits, including atomic-scale controllability, excellent 
uniformity and conformality, and the accessibility of a large variety of materials. In the past decade, 
it has been widely used for surface-modifying battery electrodes. This study investigated growth 
characteristics and underlying mechanisms of ALD ZnO nanofilms using diethylzinc and water 
precursors. The temperature-controllable growth and crystal-orientation of ALD ZnO films were 
disclosed. This study offered key understanding and preliminary preparation for the following 
study to surface-modify electrode materials. 
A subsequent effort was focused on developing a novel anode for SIBs. SIBs have attracted an 
ever-growing research interest, due to their cost-effectiveness as large-scale stationary EES 
devices. However, compared with LIBs, SIBs are significantly hindered by the lack of suitable 
anodes. In this study, Cu2S was chosen for high capacity and fast-charge capability. The nitrogen-
doped graphene (NG) wrapped Cu2S (Cu2S@NG) composite anode exhibited stable cyclability 
and excellent rate capability. The electrochemical mechanism was investigated using synchrotron-
based X-ray techniques. Whereas the parasitic reactions at the electrode/electrolyte interface 
continuously deteriorated performance, which could be resolved by surface modifications via ALD.  
In the sequential effort to enhance interfacial stability of Cu2S@NG anode, the electrochemically 
inactive Al2O3 via ALD was selected as the coating material. A 6-nm ultrathin Al2O3 coating could 
improve the interfacial stability of the Cu2S@NG anode and thereby enhance its electrochemical 
performance with the highest capacity reported to date.  
Additionally, this dissertation includes an effort in investigating a promising solid-state electrolyte 
(SSE), Li7La3Zr2O12 (LLZO). Conventionally, flammable liquid-organic electrolytes have been 
used in LIBs but induced some safety issues (e.g., fires and explosions). In this regard, SSEs are 
highly regarded to replace liquid organic electrolytes. LLZO is among the most promising SSEs 
with high ionic conductivity (~10-3 S cm-2 at room temperature) and high stability with Li metal 
anode. Nevertheless, LLZO’s stability in the ambient storage is challenging, causing deteriorated 
ionic conductivity and interfacial instability. This study investigated the structural and 
stoichiometric reversibility of air-aged LLZO during heat treatment. In addition, the correlation 
between restoration degree and dopant chemistry was unveiled.   
In summary, the contributions in this dissertation provide critical understandings to 
electrochemical mechanisms and degradation causes of novel electrode and electrolyte materials 
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1.1.1. Energy Deficit and Solutions 
Energy is pivotal for economic and social prosperity. However, the rapid economic development 
and ever-growing population have overweighted the global energy supplies, and the conventional 
fossil fuel resources (i.e., oil, coal, and natural gas) have been quickly depleting over the past 
decades [1]. Fossil fuels take millions of years for the generation and thus are regarded as 
unrenewable resources on the earth. Scientists and researchers predicted that the reserve of 
petroleum will be depleted by the 2050s at the current consumption rate, followed by natural gas 
and coal [2]. In addition, the combustion of fossil fuels has also brought the enormous threats to 
climate change and environmental deteriorations, such as global warming from greenhouse gases 
(e.g., CO2), ozone depletion, and acid precipitation [3, 4]. Herein, the transition to clean and 
sustainability in energy has become highest priority to alleviate the pressures from global energy 
deficit and environmental pollutions.  
To address the afore-stated challenges associated with fossil fuels, renewable clean energies are 
highly regarded as the most promising solutions, such as hydropower, solar, wind, and geothermal 
energies. Technological innovations promote cost reduction and competitiveness in the harvest of 
renewable energies, particularly for solar photovoltaics and wind [5]. For instance, at the end of 
2020, global renewable generation capacity produced 2,799 GW, accounting for 36.6% of the 
gross electricity generation [6]. Remarkably, there was an increase of 10.3% in the growth of 
renewable capacity during 2020, compared to that in 2019. Within the global renewable generation 
capacity, hydropower held the largest share with a capacity of 1,211 GW. In the remainder, wind 
and solar energy significantly increased and accounted for equal shares with capacities of 733 GW 
and 714 GW, respectively [6].  
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Nevertheless, the transition from fossil fuels to renewable energies is still not optimistic, given  the 
fact that there is still rapidly increasing energy demand. International Energy Agency (IEA) 
reported [7] that the consumption of fossil fuel even increased in recent years to fill the gap for 
rapid growth of energy demand, as well associated with an increase of 1.4% CO2 emission. In 
order to accomplish the successful transition, the global goal on renewable energies should 
encompass three key targets: (i) ensure cost-effective and universal resources for large energy 
demand; (ii) increase substantially the share of renewable energy in the gross energy mix; and (iii) 
and enhance the energy efficiency [8]. To these ends, energy storage systems are the indispensable 
solutions to enhance energy transmission efficiency from generations to power grids and enable 
larger share of renewable energies in the global energy market. 
 
1.1.2. Energy Storage Systems 
The variability and intermittency of renewable energy, especially solar and wind energy, have 
raised some serious concerns on their wide implementation [9, 10]. In this context, the electrical 
energy storage (EES) systems play the vital role of the incorporating medium between energy 
generation and electric grid plant. EES can mitigate power fluctuations from intermittent 
renewable energy sources, enhance the electric system flexibility, and enable the storage and 
dispatching of the electricity [11].  In this regard, electrochemistry has contributed to multiple EES 
devices, such as rechargeable batteries and supercapacitors. Rechargeable batteries (e.g., lead-acid, 
nickel-metal, lithium-ion batteries, etc.) are among as the most promising solutions for widely 
implementing renewable energies, featuring its controllability, fast response, and geographical 
independence [12, 13]. Rechargeable batteries work with the reversible conversions between 
chemical energy and electrical energy [14]. The maturity in battery technology, such as lead-acid 
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batteries, also enables the affordable cost and competitiveness to earn large shares in energy 
storage market [10]. As the prominent representation of electrochemical energy storage system, 
lithium-ion batteries (LIBs) have attracted considerable attentions for high energy density, 
excellent energy efficiency, and long cycle life, outperforming other electrochemical systems. 
These unrivaled superiorities have made LIBs more attractive and competitive in the to-date 
energy storage market, especially for portable electronic devices and electric vehicles, as 
demonstrated in Figure 1.1.   
 
Figure 1.1. Schematic demonstration of the significance of battery technology as the incorporating 




1.1.3. Development of Lithium-Ion Batteries  
The first electrochemical vessel, so called “Baghdad Battery”, was unearthed from archeological 
excavation near Bagdad region and ascended back to the Persian civilization in the first century 
BC [15]. In the modern era, the battery development should be credited to the famous scientific 
experiments of Luigi Galvani at the University of Bologna and Alessandro Volta at the University 
of Pavia in Italy at the end of the eighteenth century [16]. Galvani discovered the electricity by 
connection of two different metals cell using a frog leg, and Volta demonstrated the electricity 
production from two different metals (zinc and sliver) in a sodium chloride solution [16]. These 
critical discoveries unveiled the principles of electrochemistry and devoted to the development of 
modern batteries, particularly for LIBs. Since then, there have been various types of batteries 
developed, categorized into primary batteries (e.g., carbon–zinc and alkaline cells) and secondary 
batteries (e.g., lead-acid batteries). Since the late of 1960s, fast-evolving technologies in electronic 
devices and medical instruments have demanded larger portable energy. Thus, high energy density 
(i.e., watt-hours stored per weight or per volume, Wh kg-1 or Wh L-1) and long lifetime became 
essential factors to promote battery development. In the 1970s, the exploitation of the lightest 
metal ions, lithium ions (Li+), was the great breakthrough to drastically improve energy density 
(i.e., ~250 Wh kg-1) in battery technology, five times higher than of the zinc–mercury batteries 
[17]. In 1979, Goodenough et al [18] first proposed the intercalation-type LiCoO2 cathode with 
high capacity (135 mAh g-1), high operation voltage (3.9 V vs. Li+/Li), and stable electrochemical 
performance. With the cooperation with graphite anode, the commercial full cells using LiCoO2 
cathode delivered 200 Wh L-1 energy density at 4.25V and could further improve to 700 Wh L-1 at 
4.45V from the the-state-of-the-art development [19, 20]. Nowadays, LiCoO2/graphite batteries 
still hold the largest share in the lithium-ion battery market [21]. For his remarkable contributions 
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and accomplishments in LIBs and even energy technology evolution, John Bannister Goodenough 
was awarded the Nobel Prize in Chemistry in 2019 alongside Michael Stanley Whittingham and 
Akira Yoshino.  
The basic configuration of LIBs consists of a cathode, an anode, and an electrolyte. During charge, 
the cathode (e.g., LiCoO2) works as a “lithium source” (positive electrode) to release Li ions, while 
the anode (e.g., graphite) acts as a “lithium sink” (negative electrode) to accept Li ions [16]. Li 
ions transfer from the cathode to the anode internally through the electrolyte in LIBs, while 
electrons move on the external electrical circuit in the same direction to the destination of anode 
side to generate electrical current [11]; and vice versa. The electrolyte is an ionically conductive 
but electrically insulating medium to bridge the cathode and the anode. An electrolyte can be a 
liquid organic solvent with a lithium-containing salt (e.g., LiPF6 in ethylene carbonate (EC)) or a 
solid-state electrolyte (e.g., Li7La3Zr2O12 (LLZO)) [14, 22]. The electrochemical reactions in LIBs 
mainly involve with three steps: (i) Li ion diffusion within solid-state electrode materials, (ii) 
charge transfer reactions at the interface between the electrode and electrolyte, and (iii) Li ion 
migration and diffusion in the electrolyte. These reactions are highly reversible for the 
rechargeable use [11].  
In the new era of lithium-ion batteries, some novel concepts have been developed to meet the 
increasing urgency of higher energy-density and lower cost storage systems for renewable energy 
[16]. These developments mainly focus on the battery material innovation. For cathode, the scarce 
Co reserve on the earth continuously stimulate the expensive price of LiCoO2, greatly restricting 
its practical applications [23]. This concern has soon become the research spotlight for the 
replacement of the expensive Co with a low-cost metal. A spinel-structure LiMn2O4 was reported 
in 1984 by Thackeray et al [24] as a potential alterative, because of the low-cost Mn and good 
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thermal stability. However, the Mn dissolution into liquid organic electrolytes during 
electrochemical cycling leads to large capacity fading and short lifetime. Subsequently, the 
olivine-structure cathode, LiFePO4, was reported for its excellent thermal and electrochemical 
stability and has promptly occupied a decent portion of battery market, while its low energy density 
from low redox potential (3.5 V vs. Li+/Li) turns to the burden to lose the competition with other 
potential candidates in the near future [16, 25]. In a comprehensive consideration, high capacity 
and high operation voltage are equally important for seeking next-generation cathode materials. 
Delmas et al in 1992 doped Ni and Mn into LiCoO2 structure which presented the comprehensive 
improvements on electrochemical performance and thermal stability [26]. The resultant 
Li(NixMnyCoz)O2 (NMC) are highly regarded as the next-generation cathode, featuring its high 
energy density and cost effectiveness [25]. Despite of these merits, the improvements on structural 
and interfacial stability of NMC cathode are critical to enable practical applications [27].  
Likewise, many efforts have been devoted to the development of advanced anode materials of 
LIBs. Graphite was first reported for the lithiation into LiC6 in 1965 [28], and the reversible 
electrochemical intercalation process was reported by Armand’s group in 1978 by using the 
polymer electrolyte [25]. Graphite anodes can sustain good electrochemical stability for its 
theoretical capacity of 372 mAh g-1 and as well are low-cost, achieving the great success in the 
commercialization. Subsequently, there have been more new anode materials reported for their 
potential merits, and they can be mainly categorized into three classes: intercalation type (e.g., 
graphite and Li4Ti5O12) [29, 30], conversion type (e.g., CuO and Fe2O3) [31, 32], and alloy type 
(e.g., Si and P) [33, 34]. The intercalation-type Li4Ti5O12 anode exhibited excellent cycle ability 
and high rate capability, but its electrochemical performance is limited by low capacity of 155 
mAh g−1 and low electrical conductivity [30, 35]. The alloy-type Si anode has become one of the 
8 
 
most attractive materials owing to its outstanding theoretical capacity of 3590 mAh g-1, almost ten 
times that of graphite [36, 37]. Si anode also suffers the main challenge of particle pulverization 
from intrinsic huge volume expansion, leading to severe capacity fading and short cycle life. 
Remarkably, some innovative strategies of using novel binder materials or graphite cloth can 
significantly mitigate the pulverization issue and enhance the electrochemical performance, 
favorable to the commercialization [36, 37].  
The electrolyte as the bridging medium between the cathode and the anode also plays a dominating 
role in LIBs. A qualified electrolyte should have these key characteristics, including fast ion 
transport without electron conduction, high electrochemical stability over a wide electrochemical 
potential window, and high thermal stability [38]. There are mainly two types of electrolytes: 
liquid organic electrolytes and solid-state electrolytes. Liquid organic electrolytes contain alkaline 
metal salts (e.g., LiClO4, LiAsF6, LiPF6, LiSO3CF3, and LiN(SO2CF3)2) dissolved in organic 
carbonate-based solvents (e.g., ethylene carbonate (EC), methylene carbonate (EMC), etc.) or 
ether-based solvents (e.g., dimethoxyethane (DME), dioxolane (DOL), etc.) [39]. Because of high 
ionic conductivity of 10-2 s cm-1 at room temperature and ease of operation, liquid organic 
electrolytes have been widely accepted in the research fields and industries. However, liquid 
organic electrolytes are thermodynamically and electrochemically unstable, resulting in the 
capacity depletion and the thermal runaway issue [27, 38]. Solid-state electrolytes can be 
polymeric or inorganic. Polymer electrolytes, different from liquid organic electrolytes, mix 
alkaline metal salts into conductive solid or gel-like polymers (e.g., poly(ethylene oxide) (PEO), 
poly(p-phenylene oxide) (PPO), etc.) [40]. Polymer electrolytes intrinsically possess the enhanced 
mechanical strength, which enables a thin-film electrolyte membrane for higher volumetric energy 
density in LIBs. Yet, low ionic conductivity (10-6 s cm-1) must be improved for solid-polymer 
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electrolytes to replace the liquid-organic electrolytes in the practical applications. Among all types 
of electrolytes, solid-state electrolytes (SSEs), such as LLZO and Li10GeP2S12, lead a great 
advance in terms of high thermal and chemical stability, relatively high ionic conductivity (~10-3 
s cm-1), wide electrochemical voltage window, and high mechanical strength [41-43]. Owing to 
the advantages on safety and energy density, SSEs are the potential alternatives to replace the 
flammable liquid organic electrolytes [44-46].  
 
1.1.4. Development of Sodium-Ion Batteries 
Sodium and lithium belong to the same alkaline metal group, and their many similarities makes 
analogous electrochemistry between LIBs and sodium-ion batteries (SIBs) [47]. The early 
discovery of sodium batteries could be traced back to the same era of LIBs [48]. For example, 
high-temperature sodium/sulfur batteries employed high Na+ ion conductive β-Al2O3 to deliver 
high energy for the applications in load leveling and electrical vehicles [49]. Nevertheless, when 
a breakthrough of the intercalation-type cathode was discovered for LIBs in 1970s and successfully 
commercialized in 1990s, sodium batteries lost the competition because of lower energy density 
for heavier and larger Na ions [49]. Nonetheless, due to the ever-increasing demands for LIBs in 
the energy storage market, the cost of raw lithium carbonate has reached to over $5000/ton based 
on the report in 2012 and has been forecasted to $25,500/ton in near future [50]. On the other hand, 
Li sources are unevenly geographic distributed on the earth, accounting for 43.6% in the south-
American triangle of Argentina, Bolivia, and Chile, 25.2 % in north America (Canada and US), 
and 25.4% reserved in the area of Australasia and China [50]. With the realization of increasing 
cost and uneven distribution of lithium sources, there have been growing interests in seeking its 
alternatives for large-scale energy storage systems to widely implement renewable energy. For 
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these stationary applications, the key criteria are the lifetime, the power density, and the material 
cost [51]. In this context, SIBs have again attracted large attentions, owing of sodium resources’ 
abundance, ubiquitous distribution, cost-effectiveness, and environmentally benign. For example, 
sodium carbonate (soda ash) and sodium chloride (salt) are earth-abundant with cost of about 
$150/ton [52, 53].  
Even though the development of SIBs historically started together with LIBs, more challenges 
have adversely hindered the progresses of sodium storage systems in the 1980s [54, 55]. The 
challenges are mainly related to the larger ion radius of Na+, accounting for 1.02 Å versus 0.76 Å 
of Li+ [56]. For instance, fewer Na ions can be intercalated into graphite, while graphite exhibits 
good capacity (372 mAh g-1) for lithium intercalation and has been commercialized as LIB anodes 
[56]. In 2000, Stevens and Dahn [57] successfully demonstrated the reversible capacity (~300 
mAh/g) of hard carbon as a SIB anode, comparable to that of graphite in LIBs. It has been a 
landmark in the development of sodium batteries. Subsequently, a considerable attention has been 
attracted for developing SIB anodes [58, 59], such as alloy type (e.g., Sn [60] and red P [61]) and 
conversion type (e.g., MoS2 [62] and SnS [63]). However, these anode materials are still facing 
many issues for commercialization, such as low capacity and poor rate capability for hard carbons 
[64] and large volume change and high cost for alloy and metal chalcogenides [57]. In comparison 
to the afore-mentioned anode materials, sodium metal anode features its low cost, high natural 
abundance, and high capacity (i.e., 1166 mAh/g). Thus, sodium metal is one of the most promising 
materials among SIB anodes [45, 65]. However, similar to Li metal anode, Na metal anode also 
suffers the poor lifetime and the unstable interface, due to its high reactivity to electrolyte and the 
dendritic growth [66].  
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Compared with SIB anodes, the development of SIB cathodes (e.g., layered NaMnO2 [67], olivine 
NaFePO4 [68], and Prussian blue Na1.72MnFe(CN)6 [69]) has received remarkable achievements 
with indisputable advantages over LIBs cathodes [67]. Certainly, there are still many obstacles to 
overcome before the SIBs becomes commercially available. For instance, layered NaMnO2 have 
gained great interest as SIB cathode materials owing to the relatively high theoretical capacity of 
243.8 mAh g-1 with average voltage plate at 3.1 V [67], but more efforts should focus on improving 
structural reversibility and rate capability during cycling [67, 70]. Olivine NaFePO4 [68] and 
Prussian Na1.72MnFe(CN)6 [69] possess the open-framework and stable crystal structures and 
enable the fast Na diffusion, leading to superior rate performance in SIBs. Nonetheless, both these 
cathode materials are restricted by the low capacity, such as ˜154 mAh g-1 for NaFePO4 with 
voltage at 2.9 V [68]  and 130 mAh/g for Na1.72MnFe(CN)6 with voltage at 3.4 V [69]. Some 
research efforts have been made to significantly improve the structural stability and long-term 
durability of SIB cathodes [67].  
 
1.1.5. Challenges in Battery Materials 
Despite significant achievements for LIBs and SIBs, there are still many improvements to fulfill 
the global energy demands [27]. For instance, the-state-of-the-art LIBs deliver the energy density 
up to 140 Wh kg-1 at the pack level, while US Department of Energy (DOE) has set the target to 
350 Wh kg-1 by 2030 [71, 72]. The lifetime of batteries is also vital for the reduction of 
manufacturing pressure and recycling cost [27]. Fast-charge capability of 80% nominal energy 
within 15 min is highly desirable for electric vehicles and portable devices [73]. Batteries should 
also have well adoption to externally harsh conditions to maintain high energy retention, like wide 
temperature range between -20 to +60 oC [74, 75].  
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In the perspective of cathode, the commercially available cathodes usually deliver ~150 mAh g-1 
capacity, which is less than that half of the commercial graphite anode (372 mAh g-1) and even 
much lower than the promising next-generation anode materials, like Si anode of 3590 mAh g-1 
and Li metal anode of 3861 mAh g-1 [24, 25, 33, 76]. Thus, high mass loading in the cathode is 
necessary to work with higher-capacity anode in the full cells but burdens for lower gravimetric 
and volumetric energy densities. To this regard, the exploitation of novel cathodes has spotlighted 
on Ni-rich LiNi1-x-yMnxCoyO2 cathodes for x+y ≤ 0.2, owing to higher capacity (over 200 mAh g
-
1) and higher operation voltage (over 4.4 V) [27]. However, Ni-rich NMC cathode suffers severe 
performance degradation and serious safety concerns at high voltage (>4.4 V), resulted from the 
structural/interfacial instability during cycling [27]. The structural degradation is mainly ascribed 
to the Li and Ni cation mixing for their similar ionic radii and as well the lattice oxygen loss, 
followed by the irreversible phase transition from the originally layered structure to spinel structure 
and even worse rock-salt structure [77, 78]. Li deficiency in those degraded spinel and rock-salt 
structures results in the capacity fading and performance deterioration. On the other hand, cathode 
surface is continuously deteriorated by the parasitic reactions from oxidation of electrolyte solvent 
at high potential [79]. Herein, research efforts on the Ni-rich NMC cathode could be emphasized 
to enhance structural/interfacial instability during cycling, mitigate severe performance 
degradation, and suppress serious safety issues. As well, a critical and thorough understanding of 
the failure mechanisms on Ni-rich NMC is helpful to develop better feasible solutions for practical 
commercialization.  
The next-generation anode materials (e.g., Si, alkaline metals, etc.) are facing the main challenges 
on severe performance degradations, short lifetime, and poor rate capability. Similar to cathode 
materials, the formation of unstable SEI layer on anode/electrolyte interface is one of main culprits 
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towards performance degradation [11]. SEI layers on electrode surface could impede the charge 
transfer reaction to affect the rate performance and might even worse induce the parasitic reactions 
during cycling to continuously deplete active materials [80-82]. The understanding of interfacial 
electrochemical/chemical mechanisms on anode materials could provide the accurate diagnosis for 
developing the rational solutions to enhance interfacial stability and improve performance 
sustainability. In addition, large volume change in anode materials during lithiation/delithiation 
for LIBs (e.g., Si anode) demands both space accommodation and mechanical protection to prevent 
electrode pulverization and capacity loss [36, 37, 76]. Moreover, fast charge (i.e., 10 C current rate) 
that relies on the reaction kinetics of electrode is another critical factor to minimize the charging 
time and boost battery performance in the practical applications [83]. However, most of anode 
materials (e.g., conventional graphite and next-generation Si and alkaline metal anodes) are 
inviable for fast-charge purpose, because of their slow reaction kinetics, thermal runaway issue, 
and short-circuit safety concerns from alkaline metal dendritic growth [84-86]. Research efforts 
should be adopted to improve reaction kinetics in current anode materials or exploit novel anode 
materials with high-rate capability and stable electrochemical performance.  
Liquid organic electrolytes are thermodynamically and electrochemically unstable to decompose 
on electrode surfaces, resulting in the capacity fading and the thermal runaway issue [27, 38]. SSEs 
are regarded as the key solutions to prevent the safety issues in the current liquid organic 
electrolytes [41]. SSEs also enable the applications of next-generation alkaline metal anode, due 
to its stronger mechanical strength to suppress the dendritic growth and prevent the short circuit 
[43]. Although the accelerated developments for SSEs in the last decade, there still lacks the 
qualified SSEs to fulfill various requirements, including high ionic conductivity, high electrical 
resistance, high thermal and chemical stability, and high mechanical strength [87, 88]. Besides 
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electrochemical performance, intensive and comprehensive investigations should evaluate other 
important aspects of synthesis, storage, and fabrication before commercializing SSEs.  
 
1.1.6. Atomic Layer Deposition 
Atomic layer deposition (ALD) has emerged as a well-recognized vapor-phase thin-film technique 
since Suntola et al successfully demonstrated in 1970s [89]. Distinguished from other vapor-phase 
processes (i.e., chemical vapor deposition and physical vapor deposition), ALD process presents 
the unique growth mechanism proceeding with self-limiting surface reactions on various substrates 
and structures [90, 91]. As a result, ALD can grow a large range of inorganic materials at low 
temperature (i.e., elements, oxides, nitrides, sulfides, and ternary and even more complicated 
compounds [92-96]) with extremely high uniformity, unrivaled conformality, atomic-scale 
precision, and excellent controllability [97, 98]. Exclusively featuring its unique characteristics, 
ALD has exhibited the great potentials in the applications of energy storage systems. On one hand, 
ALD could tailor electrochemical interfaces through forming protective films over electrode 
surfaces [99]. The protective films provide many beneficial effects on improving interfacial 
stability and enhancing mechanical strength to prevent electrode cracking [100, 101]. On the other 
hand, ALD could also deposit electrodes and SSE materials with many controllable variations in 
size, morphology, crystallinity, composition, and substrate structures [99, 102].  
An example of ALD ZnS process using diethylzinc (DEZ, Zn(C2H5)2) and hydrogen sulfide (H2S) 
precursors illustrates the ALD growth mechanism (Figure 1.2) [92, 103], where two half reactions 
proceed alternatively as following Equation 1.1 and 1.2: 
|-SH + Zn(C2H5)2(g) → |-S-Zn(C2H5) + C2H6(g)     (1.1) 
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|-S-Zn(C2H5) + H2S(g) → |-S-Zn-SH + C2H6(g)             (1.2) 
where ‘‘|-’’ denotes the surface species and ‘‘g’’ means the gaseous phase. Starting from a surface 
covered by –SH ligands in the beginning state, a supply of DEZ is dosed to activate the first half 
self-limiting gas-solid surface reaction (Equation 1.1) between the –SH ligands and DEZ (step 1). 
During this step, the ligand-exchange reaction generates a new layer of –Zn(C2H5) species, and 
releases ethane (C2H6) gas as the by-product. As long as all –SH surface ligands are depleted, the 
surface reaction (Equation 1.1) completes, indicating the self-limiting nature. Then, a purging 
process (step 2) is applied to clean the residual DEZ and the by-product C2H6. Following a 
thorough purge, a supply of H2S prompts another half self-limiting surface reaction (Equation 
1.2), leading to a new covering of –SH ligands on the surface while releasing C2H6 (step 3). Again, 
a purging procedure is applied after the second ligand-exchange reaction in order to remove the 
residual H2S and the by-product C2H6 (step 4). Apparently, the two self-limiting half surface 
reactions are surface controlled by the amount of the surface reactive sites (i.e., –SH and –C2H5). 
The thickness of ZnS film can be precisely controlled in the nano-scale manner by manipulating 
ALD cycles. In general, there are three adjustable ALD parameters to accomplish desirable 
materials, including precursor, temperature, and substrate. These fundamentals and details of 
different ALD processes and materials have been well documented in the literature for some 





Figure 1.2. Schematic illustration of ALD surface chemistry with a model ALD process of ZnS 
using DEZ and H2S as precursors. The surface undergoes two gas-solid surface reactions starting 
from a surface covered by –SH ligands: (1) a supply of DEZ initiates the first self-limiting gas-
solid reaction, leading to a new layer of –ZnC2H5; (2) a purging procedure is applied to remove 
the overdosed DEZ and the by-product of ethane; (3) a supply of H2S prompts the second self-
limiting gas-solid reaction, leading to coverage of –SH ligands; (4) a purging procedure is applied 
to remove overdosed H2S and the by-product of ethane. ZnS ALD can proceed with increasing 
cycles by repeating the four steps, consisting of two gas-solid surface reactions and two purges 
[92]. Reprinted with permission from Jiyu et al [92]. Copyright (2020) Elsevier.  
 
 
1.2. Motivation and Objectives 
From the background study of LIBs and beyond, the author is motivated to investigate the 
electrochemistry and structural stability of novel electrodes and SSEs and probe their performance 
degradation mechanisms to design the suitable solutions for performance enhancement. This PhD 
dissertation conducted on the electrochemical study of a novel Cu2S anode material in SIBs, 
featuring its high capacity, low-cost, and excellent rate capability. Subsequently, the author 
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rationally developed the surface modifications strategy via ALD to enhance the Cu2S performance, 
based on the investigation of Cu2S electrochemical mechanisms. In addition, the author also 
conducted the fundamental study of LLZO SSE structural stability during fabrication, and this 
evaluation would be essential to select suitable SSEs for practical commercialization. In order to 
gain deep insights to electrochemistry and structural stability, some advanced characterizations, 
such as electron microscopes and synchrotron-based X-ray techniques, are also important to fulfill 
this research’s goals. The main research objectives are listed as followings: 
1) To study the growth characteristics of ZnO process via ALD. This contains another set of 
comprehensive skills on controlling ALD process, including synthesis precursor selection, 
ALD system operation and maintenance, growth rate measurement, and material 
characterizations, like SEM, synchrotron-based XRD and X-ray reflectivity (XRR).  
2) To investigate the electrochemistry of Cu2S anode as a SIB anode. This includes the 
comprehensive skills on electrode material preparation, electrode fabrication, battery assembly, 
electrochemical test methods, and material characterizations, like scan electron microscope 
(SEM) and synchroton-based X-ray diffraction (XRD) and X-ray absorption spectroscopy 
(XAS).  
3) To develop the surface modification strategy via ALD for improving Cu2S performance. This 
needs the comprehensive skills of battery tests and ALD operation.  
4) To investigate the structural stability of LLZO SSE during fabrication. This mainly requires 
the characterization skills and analysis, such as the sequential refinement of synchrotron-based 
in-situ high-temperature XRD, thermogravimetric analysis (TGA), and Fourier-transform 




1.3. Dissertation Structure 
This dissertation consists of six chapters and fulfills the requirements for “Published/Submitted 
Paper Style” and “Guide to Theses and Dissertations” by Graduate School at University of 
Arkansas. The dissertation is arranged as the following structure.  
Chapter 1 generally introduces the background about the importance of energy storage systems, 
the developments and challenges of LIBs/SIBs, and basics and applications of ALD. In addition, 
the motivation and objectives, the dissertation structures, and the major contributions from this 
PhD study are clearly stated. 
Chapter 2 demonstrates an ALD study exemplified as ZnO growth using diethylzinc and water as 
precursors. The ZnO growth characteristics, such as growth rate and crystalline orientation, was 
systemically studied as functions of growth temperature and ALD cycle. This study offered the 
key understanding of ALD process, which was beneficial for developing the rational ALD 
processes for battery applications.  
Chapter 3 presents the systemic investigation on the electrochemical mechanism of a superior Cu2S 
anode in SIBs. The effects of nitrogen-doped graphene encapsulation have been also investigated 
on the mitigation of the polysulfide shuttling issue. Advanced characterizations using synchrotron-
based X-ray techniques has been adopted to provide deep insights to the electrochemical 
mechanism of Cu2S SIB anode.   
Chapter 4 studies the effects of Al2O3 surface modification via ALD to electrochemical 
performance of Cu2S anode. From understanding of failure mechanism in previous study (Chapter 
2), the surface modification method using ultra-thin Al2O3 surface coating via ALD was adopted 
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to protect the Cu2S electrode. The effects of ALD surface coating on electrochemical stability have 
been studied.  
Chapter 5 conducts the fundamental mechanism study of the structural and stoichiometric 
evolutions of LLZO SSE in high temperature process. This study aims to understand whether the 
aged LLZO from the storage in the moisture air can be restored structurally and stoichiometrically 
during heat treatment. In addition, the effects of various supervalent dopants on the restoration 
process have also been studied and discussed. 
Chapter 6 concludes the accomplishments and outcomes from this dissertation. In addition, the 
author’s perspectives on the future study and developments of LIBs/SIBs are provided.   
 
1.4. Major Contributions 
1) The temperature-controllable ALD ZnO growth characteristics were found, such as growth 
rate and crystalline orientation. It was also unveiled that ZnO exhibited good crystallinity from 
room-temperature to 250 oC.  
2) A rational design of nitrogen-doped graphene encapsulated Cu2S anode was developed to 
mitigate the polysulfide shuttling issue and exhibited the dramatical improvements on 
electrochemical performance. This method could be adopted to other metal sulfides or sulfur-
based batteries for the similar polysulfide shuttling issue.  
3) The electrochemical mechanism and structural transitions of battery materials, such as Cu2S 
and LLZO, were systematically investigated by using various electrochemical methods and 
advanced characterizations, such as synchrotron-based X-ray techniques.   
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4) Surface modification method using an ultra-thin (6 nm) Al2O3 coating via ALD demonstrates 
the capability of improving Cu2S’s interfacial stability and enhancing the electrochemical 
performance. This is also effective for the similar interfacial issues in other battery materials.  
5) LLZO structural and stoichiometric evolution study via synchrotron-based in-situ high-
temperature XRD unveils that the aged LLZO in the moisture air was only reversible for the 
structure but stoichiometrically unrestored. In addition, a correlation between the restoration 
degree and the supervalent dopants was found, offering the critical understanding of doping 
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Nanophase zinc oxide (ZnO) has been widely studied as an important multifunctional material in 
many applications. Atomic layer deposition (ALD) is a unique thin-film synthesis technique, 
featuring its extremely uniformity, unrivaled conformal coverage, low deposition temperature, and 
precise controllability. Using diethylzinc (DEZ) and water as precursors, ALD has been reported 
previously for growing nanophase ZnO thin films. However, the growth characteristics and the 
resultant ZnO crystallinity have not been well characterized and understood. To this end, we 
revisited the ALD process of ZnO using DEZ and water. Through employing a suite of advanced 
characterization techniques, we systematically addressed the growth characteristics, 
morphological changes, and the crystallinity evolution of ZnO along with growth temperature in 
the range of 30 - 250 °C. The growth characteristics of the ALD ZnO films were investigated using 
in-situ quartz crystal microbalance (QCM), scanning electron microscopy (SEM), atomic force 
microscopy (AFM), and synchrotron X-ray reflectivity (XRR). The crystallinity of the ALD ZnO 
films were determined using synchrotron X-ray diffraction (XRD) and high-resolution 
transmission electron microscopy (HRTEM). In addition, by further analyzing QCM data, we 
proposed the adsorption-limited surface reaction for ALD ZnO growth with the temperature-
dependent number of -OH surface group reacting with one DEZ molecule. Thus, this study 
contributes to offer new and deep perspectives on the understanding of fundamental ALD process 
of ZnO.     






ZnO can exist in three crystal structures, either hexagonal wurtzite or cubic zinc blende or rocksalt 
[1, 2]. Wurtzite structure is known as the thermodynamically stable phase under ambient 
conditions, while zinc blende symmetry is only stabilized by heteroepitaxial growth on cubic 
structures and the rocksalt structure might be obtained from the phase transition from wurtzite 
structure at relatively high external hydrostatic pressure [1]. Rocksalt structure has the highest bulk 
modulus of 202.5 GPa by experiment and 205.7 GPa by theoretical calculations [3, 4], compared 
to 154.4 GPa of zinc blende and 156.8 GPa of wurtzite structure [5], and also possesses the largest 
bandgap of 4.5 eV over 3.27 eV of zinc blende and 3.37 eV of wurtzite structure [6, 7].  
The hexagonal wurtzite structure of ZnO is the most studied for its multifunctionalities, featuring 
its (002) and (100) lattice planes in the natural phase. (002) lattice plane is polar due to the 
arrangement of sole Zn atoms and has the interplanar spacing of 2.59 Å [8]. The polar (002) plane 
has a higher band energy (3.37 eV at room temperature) than non-polar (100) plane [7], 
contributing to high electron mobility and strong room-temperature luminescence. Consequently, 
these characteristics have made ZnO an important material in many devices, such as 
semiconductors[9] and light-emitting transistors [7, 10] (e.g. liquid crystal displays (LCDs) [11, 
12], light-emitting diodes (LEDs) [10, 13-15]), and thin-film transistors (TFTs) [16-18]. In contrast, 
non-polar (100) plane with the interplanar spacing of 2.8 Å contains both Zn and O atoms [8]. 
Non-polar (100) plane has the relatively sparse interplanar spacing of Zn and O atoms, which is 
favorable for transparent thin films [19] and flexible and piezoelectric devices [20-24]. In addition, 
the asymmetry of the wurzite structure of ZnO has rendered excellent flexibility and 
piezoelectricity. Furthermore, ZnO has been recognized as an anode material in lithium-ion 
batteries (LIBs) [25, 26], owing to its low cost, environmentally friendly compatibility, and high 
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theoretical capacity (978 mAh/g). Besides the above applications, ZnO has been widely employed 
in pigments [27], lubricants [28], solar cells [29], thermoelectric sensors [30], corrosion protection 
[31], tribology [32], and drug delivery [33]. In the many applications, ZnO has been fabricated 
into a variety of nanostructures, including nanowires [34], nanorods [35], tetrapods [36], nanobelts 
[36, 37], nanoflowers [38], and nanoparticles [39]. These nanostructures have been extensively 
produced by chemical vapor deposition (CVD) [40, 41], molecular beam epitaxy (MBE) [42], 
sputtering [43], and solution-based methods [44, 45].  
In the past decade, atomic layer deposition (ALD) has been widely used for developing various 
nanostructures [46, 47], ascribed to its controllable atomic-scale growth [48, 49], unrivaled 
conformal coverage over high-aspect-ratio (HAR) templates up to 100,000:1 [50], excellent 
uniformity on large-scale planar substrates [51, 52], and low growth temperature even down to 
room temperature [53-55]. As a result, ALD has enabled various nanostructures (e.g. nanopores 
[56, 57], nanowires [46, 58], and nanotubes [59, 60]) using different substrates, such as 
temperature-sensitive substrates (e.g., biotemplates [61, 62] and polymers [63, 64]) and complex 
HAR substrates (e.g., porous structures [65, 66], nanotubes [67, 68], and silicon vias [69]). To date, 
ALD has been applied for a large range of inorganic materials, including elements [70], oxides 
[71-73], nitrides [74, 75], sulfides [76, 77], and ternary or even high-level compounds [78-80].  
ZnO is among the earliest compounds deposited by ALD, and the first study was reported in 1985 
[81], which used zinc acetate (ZnAc) and water as precursors. Subsequently, many more ALD 
processes have been developed for ZnO growth by using different precursor pairs, including 
Zn/water [82], ZnCl2/water [82], diethylzinc (DEZ)/water [83], dimethylzinc (DMZ)/water [83, 
84], DEZ/O2 [85], and methylzinc isopropoxide/water [86]. To date, the precursor pair of 
DEZ/water is to date the most popular one [71], due to their high vapor pressures, strong reactivity, 
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and a large range of deposition temperature (23 – 350 °C) [20, 83]. Previous studies on DEZ/H2O 
precursors have devoted much effort in clarifying the growth mechanism, characteristics, and film 
crystallinity of the resultant ZnO in the range of 30-300 °C [20, 87].  
Yousfi et al. first conducted the quantitative measurements of atomic mass variations due to DEZ 
and H2O exposures using in-situ QCM in 1991 [88], and then proposed an ideal ALD surface 
chemistry proceeded with two half reactions as following Equation 2.1a and Equation 2.1b:  
                         (2.1a) 
├O-Zn(C2H5) + H2O(g) → ├OZn-(OH) + C2H6(g)                          (2.1b) 
where the symbol “├” represents the substrate surface, “(g)” denotes a gaseous phase. They 
noticed that the mass changes were related to the dosing times of DEZ and H2O and the growth 
temperatures applied in the range of room temperature to ~200 °C. Under saturated dosing times, 
the mass gain per cycle increased with temperature from room temperature to 130 °C, then 
remained at a constant in the range of 130 to 180 °C. A further increase of the temperature above 
180 °C led to a decrease in mass gain per cycle. It was believed that the ALD ZnO growth at low 
temperatures (<130 oC) was mainly dominated by the insufficient kinetic activation energy of DEZ 
and water, instead of the substrate surface reactive sites [88]. Yousfi et al. [88] further postulated 
that, at higher temperature (> 180 oC), the ALD ZnO growth suffered from desorption of reactive 
species from the surface, resulting in lower mass gain per cycle. In addition, Yousfi et al. [88] also 
found that the half reaction induced by the H2O dosing did not always form single bonds by the 
reaction between a single hydroxyl ligand and one DEZ molecule, as described in Equation 2.1a. 
In the case of Equation 2.1a and 2.1b, the surface mass gain is 93 ng by dosing DEZ (Equation 
2.1a) and -12 ng by dosing H2O (Equation 2.1b). However, Yousfi et al. [88] observed no mass 
changes during H2O dosing at temperature from room temperature to 220 °C. They assumed two 
├(OH) + Zn(C2H5)2(g) → ├O-Zn(C2H5)+ C2H6(g) 
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possibilities for this phenomenon: (i) complex surface adsorption and (ii) structural aspects of the 
differently orientated ZnO growth, like sole Zn or O atoms in polar (002) plane or both Zn and O 
atoms in non-polar (100) plane. In another work, Vohs et al. [89] confirmed that there was a 
significant physical adsorption of DEZ molecules on ZnO surface at temperatures lower than 180 
oC. Using X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy 
(UPS), Vohs et al. detected both Zn-C and C-H bonds on the ZnO surface dosed with DEZ below 
180 oC.  In a recent study in 2011, Pradhan et al. [90] investigated the ALD growth of ZnO using 
QCM and observed the growth rate of ZnO as a function of dosing times of precursors and 
temperature. In the work, the researchers also noticed the influence of substrates, polar MgO (111) 
and non-polar Si (001), on the morphology of the deposited ZnO films using atomic force 
microscopy (AFM). Apparently, the proposed surface reactions in Equation 2.1a and 2.1b should 
be further clarified. Besides monitoring linear growth and growth rate of ALD processes, in-situ 
QCM can also offer some insight on the mechanism of ALD surface chemistry. In this regard, 
Meng et al. have employed the in-situ QCM technique for helping explore the ALD growth 
mechanism of GaSx [76], AlSx [77], and Li2S [91].  By taking the advantage of in-situ QCM 
technique, we want to further clarify the proposed surface reactions in Equation 2.1a and 2.1b.  
In addition to growth mechanism, it is also important to investigate the crystallinity of the resultant 
ZnO films. Using lab-based (Cu Kα radiation with wavelength of 1.5406 ˚A) X-ray diffraction 
(XRD), Pung et al. reported that the ALD ZnO thin films on Si(100) substrates exhibited different 
growth preferences in the range of 155 to 300 °C [87]. The XRD results revealed that ZnO films 
grew dominantly along the [100] direction in the range of 155 - 220 °C, while preferred in the [002] 
direction in the range of 220 - 300 °C. Based on the intensity of XRD peaks, Pung et al. concluded 
that higher temperatures helped improve the degree of crystallinity of ZnO thin films. Pung et al. 
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believed that a temperature of > 220 °C enabled sufficient thermal energy to facilitate the migration 
of Zn and O atoms to secure energy-favorable positions in the (002) planes. In comparison, lower 
temperatures between 155 and 220 °C suppressed the ZnO growth along the (002) planes, ascribed 
to the adhesion of organic ethyl fragments on the polar (002) planes. This led to the dominant 
growth along the (100) planes of ZnO. In a subsequent study, Malm et al. made an attempt on 
clarifying the crystallographic orientations of ALD ZnO films deposited on Si(100) substrates at 
low temperatures from 23 to 140 °C [20], using a lab-based (Cu Kα) XRD. Surprisingly, they 
revealed that the ZnO films grew preferentially on the [002] orientation at temperatures of <80 °C 
and on the [100] orientation at higher temperatures. Malm et al. also noticed that the XRD peak 
intensity increased with increased temperatures, indicating improved crystallinity. XRD results in 
the above two discussed studies commonly indicate that the synthesized ZnO retained wurtzite 
structure at different temperatures. Combining their XRD data, it seems that the preferential 
orientation changed from [002] in the range of 23 – 80 oC, to [100] in the range of 80 – 220 oC and 
again back to [002] in the range of 220 – 300 oC. However, it needs to be pointed out that, compared 
to the XRD spectra with multiple peaks by Pung et al., the XRD spectra by Malm et al. only 
showed a single peak at lower temperatures. This was limited by the resolution of their XRD 
analyzers and resulted in some uncertainty on determining the crystallinity of the ZnO films 
deposited at low temperatures of < 140 oC. 
Inspired by the versatile roles of ZnO in various applications and aimed at clarifying some 
uncertainties discussed above, we revisited the ALD process of ZnO using DEZ and water with a 
series of experiments in order to clarify the following points: (i) growth characteristics, (ii) 
morphological evolutions of ALD ZnO films, and (iii) temperature-dependence of ZnO 
crystallinity. To this end, we perform this study using in-situ QCM, ex-situ scanning electron 
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microscope (SEM), high-resolution transmission electron microscopy (HRTEM), synchrotron 
XRD, synchrotron X-ray reflectivity (XRR), and AFM.   
 
2.2. Experimental 
The ZnO deposition was conducted in a commercial ALD reactor (Savannah 200, Cambridge 
Nanotech Inc., USA). DEZ and H2O were alternatively dosed into the ALD reactor for growing 
ZnO films. Both DEZ and H2O could enable sufficient vapors at room temperature for the ALD-
ZnO deposition. The delivery pipelines and manifold valves were heated to 80 °C to prevent the 
precursors from condensation, and the exhaust pipeline was maintained at 150 °C to remove the 
oversupplied vapors and any byproducts. Ar gas (ultrahigh purity) was used as the carrier gas at a 
flow rate of 20 sccm, and the ALD reactor maintained a stable low pressure of 0.3–0.4 Torr by a 
vacuum pump (Pascal 2021C2, Adixen). A single ALD cycle was executed through following four 
steps: (1) a 0.015 s dose of DEZ; (2) a 5.0 s purge of Ar gas to remove excessive DEZ and any 
byproducts; (3) a 0.015 s dose of H2O, and (4) a 5.0 s purge of Ar gas to remove excessive H2O 
and any byproducts. Longer purge time of 30.0 s was needed to remove excessive precursors and 
the byproducts in steps 2 and 4 of the ZnO deposition at 30 °C. ZnO thin films were prepared by 
repeating the above ALD cycles at different deposition temperatures. In this study, the ALD-ZnO 
was performed at the temperatures of 30, 80, 100, 120, 150, 200, and 250 °C. 
In-situ QCM measurements were conducted in this study to track mass variations with precursor 
exposures. A 6 MHz quartz crystals (#750-1059-G10, Inficon) have been integrated into the ALD 
reactor lid. Prior to QCM measurements of ALD-ZnO at each growth temperature, a deposition of 
30-cycle ALD Al2O3 using TMA and H2O was first performed in order to maintain a reproducible 
and uniform starting surface. 
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A variety of ex-situ characterization tools were employed for characterizing ALD ZnO thin films. 
Synchrotron XRR was adopted to determine the film thickness. High-magnification SEM was used 
to characterize the morphologies of various ZnO films. AFM was used to examine surface 
roughness of the ZnO films. HRTEM and synchrotron XRD techniques were jointly applied to 
analyze the ZnO crystallinity related to growth temperature.   
 
2.3. Results and Discussion 
2.3.1. Results 
In-situ QCM measurements were employed to systematically investigate the growth of ALD ZnO 
films at different growth temperatures. Figure 2.a demonstrates the time-dependent mass profiles 
obtained from QCM measurements during 100 repeating cycles of DEZ and H2O doses at various 
temperatures. The ALD ZnO growth entered a steady-state linear phase after the first 15 cycles. 
The lower growth rate in the first 15 cycles (Figure SI-2.1 in the Supporting Information) was 
mainly due to the effect of the pre-deposited Al2O3 film. The average mass gain per cycle in the 
steady-state regime changes with temperature, as shown in Figure 2.b. The mass gain per cycle 
increased nearly linearly from 23.9 ng∙cm-2 at 30 °C to 126.0 ng∙cm-2 at 150 °C. With further 
increase in temperatures, mass gain decreased to 71.8 ng∙cm-2 at 250 oC. To quantify the growth 
per cycle (GPC) of ZnO in film thickness, we applied synchrotron XRR to characterize the ZnO 
films on (111) p-type silicon substrates. The XRR profiles in Figure 2.c displayed the scaled 
reflected intensity as an oscillation function of the scattering angle (2θ). The period of these 
oscillations could infer the vertical film structure (e.g., thickness, and roughness) [92]. Film 
thickness d can be approximated with a linear fit of squared incident angle of the peaks θ2 in rad2 
versus squared peak number N2, as expressed in Equation 2.2: 
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θ2 =  (
λ
2𝑑
)2𝑁2 +  θ𝑐
2                                                        (2.2) 
where θc is the critical angle of ZnO (0.4363 in rad) and λ is the X-ray wavelength. The results of 
XRR-derived and QCM-derived GPCs (assume a density of 5.61 g∙cm-3 for crystalline ZnO [93]) 
are shown in Figure 2.d, exhibiting the same changing trend of GPC but some difference between 
their values. The GPCs measured using XRR are higher than those calculated from QCM data, 
possibly caused by the lower density of ALD-deposited ZnO. 
 
Figure 2.1. In-situ QCM measurements of ALD ZnO at various growth temperatures: (a) 100-
cycle mass vs. time profiles (b) mass gains per cycle vs. growth temperatures; (c) Synchrotron 
XRR profiles of ZnO thin films on Si(111) substrate; (d)The growth per cycle (GPC) of ALD ZnO 
versus deposition temperatures as obtained by in-situ QCM (black square symbols) and ex-situ 
XRR thickness measurements (red round symbols). The dashed lines in (b) and (d) are for guidance. 
 
Based on the QCM data (Figure 2.1a), we further examined the mass gain m1 due to the dosing 
of DEZ and the mass gain m2 due to the dosing of H2O in steady-state linear growth regimes at 
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different temperatures, as shown in Figure 2.a-c and Figure SI-2.2. It is easy to identify that the 
m1 and m2 values change with temperature. This indicates that the Equation 2.1a and 2.1b are not 
sufficient to explain these changing mass gains due to the varied temperatures. Inspired by the 
previous studies by Meng et al. [76, 77, 91], we rewrite the Equation 2.1a and 2.1b into the 
following Equation 2.3a and Equation 2.3b:      
                         (2.3a) 
├Ox- Zn(C2H5)(2−x) + H2O(g) → ├OZn-(OH)x +  (2-x)C2H6(g)                     (2.3b) 
where x is between 0 and 2, indicating the number of surface hydroxyl (-OH) species per Zn site.  
In Equation 2.3a, DEZ reacts with x -OH species by liberating x of two ethyl (-C2H5) groups into 
gaseous ethane (C2H6). Surface mass gain of this reaction could be expressed as m1=123-30x. In 
Equation 2.3b, H2O reacts with 2-x –C2H5 surface species with the substitution x -OH groups. 
Surface mass gain could be expressed as m2=30x-42. Thus, the total mass gain for single ALD 
ZnO cycle is the sum of mass gains in Equation 2.3a and 2.3b, derived as Δm=m1+m2=81, which 
is exactly the molar mass of ZnO. Relating the mass gain m1 in Equation 3a and the total mass 







                                                             (2.4) 
the ratio R could reveal the number x of -OH groups reacting with each DEZ molecule. The 
changes of x with temperature are illustrated in Figure 2.d. Except for x = ~2.0 at 30 oC, the values 
of x at all the other temperatures are ~1.5.  A schematic illustration in Figure 2. is to demonstrate 
the ALD ZnO surface reactions in the cases of x = ~1.5. At 30 °C, the value of x ~2.0 suggests 
that both -C2H5 ligands in one DEZ molecule react with two -OH surface groups in the ALD 
process. 




Figure 2.2. The enlarged three consecutive ALD ZnO cycles in the regime of steady-state growth 
of (a) 30, (b) 150, (c) 250 °C growth temperatures (m1, m2, and Δm are illustrated in the text); (d) 
the number x of -OH surface sites that react with each DEZ molecule as a function of the various 





Figure 2.3 Schematic illustration for the proposed ALD ZnO surface reaction at 150 °C when the 
average number of reactive hydroxyl surface ligands is 1.5 toward one DEZ molecule.  
 
We further investigated the morphological evolutions of ALD ZnO thin films at various growth 
temperatures using high-resolution SEM. ZnO thin films of 100 and 300 ALD cycles were 
deposited on nitrogen-doped graphene sheets (NGS, Figure 2.4a). NGS has numerous wrinkles of 
~3.4 nm and it has been widely used as substrates for ALD deposition previously, such as TiO2 
[72] and SnO2 [94, 95]. The as-synthesized ZnO@NGS composites of 300 cycles at various 
temperatures (Figure 2.4b-h) exhibited uniform and conformal coverage of ZnO thin films. It is 
easy to observe that the films over the NGS substrates compromise numerous nanoparticles. The 
morphologies of ZnO films of 100 cycles were summarized in Figure SI-2.3. In addition, the 
thickness of ZnO films coated on NGS wrinkles at different temperatures are consistent with the 
GPCs in Figure 2.1d. Based on the homogeneous growth nature of ALD deposition on both sides 
of NGS, the GPC of ALD ZnO films could be calculated using the expression: GPC = (the 
measured thickness of the ZnO-deposited NGS wrinkles – the measured thickness of the NGS 
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wrinkles)/(2 × the number of ALD cycles). The thickness of 300-cycle ZnO coated NGS wrinkles 
at 30, 80, 100, 120, 150, 200 and 250 °C is 40, 70, 82, 94, 110, 88, and 77 nm, respectively. The 
thickness of 100-cycle ZnO coated NGS wrinkles are shown in Figure SI-2.3. Based on the SEM 
observations on the wrinkles’ thickness, the GPCs of ZnO on NGS were calculated for the first 
100 cycles, the 200 cycles between the first 100 cycles and the first 300 cycles, and the first 300 
cycles as shown in Figure SI-2.4.  
 
Figure 2.4. SEM micrographs of 300-cycle ALD ZnO films of at (a) 30 °C, (b) 80 °C, (c) 100 °C, 
(d) 120 °C, (e) 150 °C, (f) 200 °C, and (g) 250 °C on NGS, and (h) pristine NGS. 
 
Furthermore, the morphologies of ALD ZnO thin films on Si wafers were examined using AFM, 
as shown in Figure SI-2.5. The root-mean-square (RMS) roughness values for various growth 
temperatures were measured, e.g., 1.63 nm for ~420 nm thick (300 cycles) ZnO film at 80 °C and 
2.01 nm for the nearly same thick (300 cycles) ZnO film at 250 °C. The ZnO nanoparticles on 
planer Si substrates (see Figure SI-2.5) by AFM are similar to the SEM observations on NGS 





Figure 2.5. XRD analysis of ZnO thin films with various growth temperatures illustrates the 
temperature-dependent crystallographic orientations. All primary diffraction peaks with HKL 
index are labeled for clear comparison. 
 
To verify the crystallinity of the ALD ZnO films at different temperatures, we applied the 
synchrotron XRD technique. The synchrotron XRD was performed on 300-cycle ZnO thin films 
deposited on (111) Si substrates at different temperatures. The XRD results in Figure 2. showed 
two dominant diffraction peaks at [100] and [002] orientations at all growth temperatures, 
indicating that the ZnO films have the hexagonal wurtzite structure. At 30 °C, the ZnO film 
exhibited two weak [002] and [100] peaks, probably due to the small nanoparticles (as witnessed 
in Figure 2.4b). At 100 °C, the [100] peak gained more intensity and became almost equal 
intensity to [002] peak. At 120 and 150 °C, the films showed the strong crystallinity with sharp 
peaks, where [002] peak was dominant. At higher temperatures of 200 and 250 °C, the [002] 
diffraction peak became much sharper and more prominent. Apparently, the deposition 
temperatures had an evident influence on the resultant crystallinity of ZnO films. To further verify 
the crystallinity of ZnO deposited at 30 oC, we utilized HRTEM on the ZnO deposited on nitrogen 
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doped carbon nanotubes (NCNTs) for 300 cycles, as shown in Figure 2.6. Figure 2.a shows the 
uniform and conformal ZnO coatings over NCNTs. Figure 2.b shows that the deposited ZnO films 
mainly contain ~7 nm nanoparticles. In Figure 2.c, the HRTEM revealed that the deposited ZnO 
at 30 °C is highly crystallized particles with (002) and (100) lattices identified. The interplanar 
spacing of 2.59 Å as marked in red frames was identical to the (002) interplanar spacing of 
hexagonal ZnO structures, and (100) planes with 2.80 Å interplanar spacing were shown in the 
blue frames. Thus, the good crystallinity of ALD ZnO has been confirmed for low temperature 
deposition.  
 
Figure 2.6. (a,b) Low and high magnification TEM images to show the thickness and morphology 
of ZnO thin film, (c) HRTEM image of 100-cycle ALD ZnO deposited on N-doped MWCNT at 
30 °C, indicating the good crystallinity with randomly distributed nanocrystalline particles. 
 
2.3.2. Discussion  
Using the in-situ QCM technique, we visualized the linear growth at all tested temperatures from 
30 - 250 °C. The mass growth rates (Figure 2.) from the QCM measurements are consistent to the 
data reported in previous studies [88, 90], i.e., showing the highest GPC at 150 oC while decreasing 
at a lower temperature or a higher temperature. Two distinct chemical mechanisms are illustrated 
below for the low growth rates of ALD ZnO films at lower and higher temperatures, respectively. 




chemical reactions of precursors and surface functional groups [87, 90], leading to low GPC. The 
dosed precursors become more energetic to react with functional groups as temperature rises. As 
a result, ALD ZnO growth rate is low at low temperatures and then accelerates at higher 
temperatures till 150 oC. In contrast, there are two factors leading to the decreasing growth rate at 
temperatures higher than 150 oC. A density functional theory (DFT) study explicitly explained that 
ALD ZnO growth using DEZ and H2O at all the temperatures is thermodynamically favorable due 
to the globally negative Gibbs free energy [96]. Nonetheless, the researchers also revealed that the 
adsorption Gibbs free energy of DEZ become positive at temperature higher than 120 °C, 
indicating that desorption of metal Zn from the substrate surface. Rueter et al. had also examined 
that the metal Zn in DEZ dissociated on silicon surface could desorb from the silicon surface in 
the temperature range of 127–277 °C according to temperature-programmed desorption (TPD) 
[97]. Thus, the active sites from the surface (├O-Zn(C2H5)) could be reduced due to Zn desorption, 
causing the decrease of ZnO growth rate at temperature higher than 150 °C. Another reason for 
the decrease of ALD ZnO growth rate at high temperature is attributed to the dehydroxylation of 
-OH surface sites, where 2 -OH surface groups dehydrate into a =O group with the release of a 
H2O molecule [72, 98]. The dehydroxylation eliminates the thermally unstable –OH surface sites 
and thereby induce the lower growth rate [72]. As a consequence, the highest GPC at 150 °C for 
ALD ZnO is a balance among the different factors.  
A strong evidence to the good crystallisnity for ZnO films grown at 30 °C have been confirmed 
via HRTEM (Figure 2.6) in this study, where nanocrystalline particles show 2.59 Å and 2.80 Å 
interplanar distances for (002) and (100) planes, respectively. The weak diffraction peak from 
XRD should be attributed to the tiny nanoparticle size and disordered distribution. Previously, the 
mechanism for preferential growth orientations has been reported for ALD ZnO deposited in the 
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range of 155 to 300 °C [87]. (002) polar plane shows the lowest surface energy, thus a growth 
temperature of > 200 °C could facilitate the migration of Zn and O atoms to energetically favorable 
positions of (002) plane. The researchers further suggested that, at ~150 °C or lower, the adhesion 
of organic ethyl fragments on polar (002) plane could suppress of ZnO growth in (002) planes, 
leading to a dominant growth of (100) planes of ZnO thin films. Nonetheless, the mechanism for 
(002) plane grown at low temperature, e.g., 30 °C, has not been understood well yet. Remarkably, 
it should be noticed that the (002)-dominant crystallinity of ZnO film grown on (111) Si substrate 
at 150 °C in our experiment is different from the observation by Jari et al. [20] in their [100]-
preferred orientation of ZnO films on (100) Si substrate at 150 °C. It implies that the 
crystallographic orientation of ZnO growth corresponds to the lattice symmetry similarity between 
the substrate and the film. Specifically, the (002) ZnO lattice plane have a hexagonal in-plane 
lattice structure, similar to the hexagonal-like atomic arrangement along Si (111) orientation. The 
crystal symmetry similarity drives the ZnO surface growth along the preferred hexagonal out-of-
plane [002] direction, even though the lattice does not match perfectly. Thus, the textured 
polycrystalline ZnO is associated with the growth along [002] preferred orientation. In contrast, Si 
(100) surface with the square lattice facilitates the preferential growth of ZnO (100) plane with a 
similar symmetry. Overall, both the growth temperature and lattice symmetry between the film 
and the substrate have the influences in the growth mechanism of ZnO crystallographic orientation.  
 
2.4. Conclusions 
In this re-visit, we studied the growth characteristics of ALD ZnO using DEZ and H2O as 
precursors, and clearly revealed the high degree of crystallinity at all temperature range from 30 
to 250 °C. The temperature-dependent growth rate has been quantitatively analyzed using in-situ 
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QCM and ex-situ synchrotron XRR. The growth rate could be precisely controlled in atomic scale 
for various growth temperatures. At low temperatures, i.e., 30 and 80 °C, ZnO films grew with 
slow GPCs, due to the insufficient thermal energy for the ligand-exchange reactions. With 
increased temperatures up to 150 oC, the ZnO growth has been boosted. Beyond 150 °C, however, 
the growth rate decreased mainly due to the desorption of DEZ and the dehydration of -OH sites. 
Considering the nature of DEZ adsorption on ZnO surface and in-situ QCM measurements, we 
proposed the new half surface reactions formatted in Equation 2.3a and 2.3b with the number x 
of reactive -OH sites at various temperatures. Each DEZ molecule reacted with nearly 1.5 -OH 
surface sites for all the growth temperatures, except 2 -OH reactive sites at 30°C. In addition, ex-
situ SEM and AFM characterization tools examined the uniform and conformal coverage on 
Si(111) and NGS substrates, and also revealed the morphological changes of ZnO films at different 
growth temperatures. Moreover, synchrotron XRD and HRTEM jointly verified the high-degree 
ZnO crystallinity remaining at the temperature range of 30 – 250 oC. They also confirmed that the 
ZnO growth orientations varied with depositing temperature.  
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Figure SI-2.1. In situ QCM measurements of ALD ZnO at various growth temperatures: first 20-





Figure SI-2.2. The enlarged three consecutive ALD ZnO cycles in the regime of steady-state 
growth of (a) 80, (b) 100, (c) 120, and (d) 200 °C growth temperatures (m1, m2, and Δm are 






Figure SI-2.3. SEM micrographs of 100-cycle ALD ZnO films on NGS at (a) 30 °C, (b) 80 °C, 
(c) 100 °C, (d) 120 °C, (e) 150 °C, (f) 200 °C, and (g) 250 °C. 
  
Figure SI-2.4. The growth rates (GPC) of ALD ZnO from SEM measurements versus various 
temperatures. 
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Figure SI-2.5. AFM topography for 400-cycle ALD ZnO films deposited on (111) Si substrates 
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Sodium-ion batteries (SIBs) have been attracting an ever-growing research interest, mainly 
ascribed to their cost-effectiveness. However, SIBs have been significantly hindered by lack of a 
suitable anode. Herein, an exceptional Cu2S-based composite anode is developed via a facile ball-
milling method, in which Cu2S particles are wrapped by nitrogen-doped graphene sheets 
(Cu2S@NG). This Cu2S@NG composite anode enables extremely long cycling life, ultra-stable 
cyclability with high capacity, and excellent rate capability. The superior performance of the 
Cu2S@NG composite is owing to its intriguing core-shell structure and the exceptional properties 
of both the Cu2S and NG. In this study, it is found that the NG shell yields multiple merits in 
improving the performance of Cu2S: (i) mitigating the loss of active materials, (ii) constituting a 
stable interface, (iii) providing improved electrical conductivity and good ionic transfer, and (iv) 
enhancing mechanical integrity. Significantly, the electrochemical mechanism of Cu2S during 
sodiation/desodiation is unveiled using advanced synchrotron-based in-situ X-ray diffraction and 
X-ray adsorption spectroscopy. This work represents a great advance in seeking high-performance 
anodes in SIBs. 




Renewable clean energies (e.g., solar and wind power) are urgently demanded, given the facts that 
fossil fuels are continuously depleting while their combustion has been causing environmental 
issues (e.g. pollution and greenhouse effect) [1-3]. Because of their intermittent operations, 
however, these renewable clean energies need electrical energy storage (EES) devices for wide 
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implementation [4]. To this end, sodium-ion batteries (SIBs) have stood out as a promising 
candidate to constitute large stationary EES systems for sustaining smart grids, ascribed to the low 
cost and natural abundance of sodium [5]. 
Studies on sodium-based EES systems started around the 1980s, almost at the same time when 
lithium-based EES systems were developed [6,7]. SIBs have similar electrochemistry to lithium-
ion batteries (LIBs) [8,9]. While SIBs had obtained successful cathodes (e.g., NaMnO2 [10] and 
NaFePO4 [11]), they had been impeded by unsatisfactory anodes. The reason lied in the larger Na-
ion radius of 1.02 Å than the Li-ion radius of 0.76 Å [12], which led to unsuitability of LIB anodes 
for SIBs in many cases. For instance, the widely used graphite enables a theoretical capacity of 
372 mAh g-1 for lithium storage but only produced a much lower capacity of ~100 mAh g-1 for 
sodium storage [13-15]. It was until 2000 when Stevens and Dahn [16] reported hard carbon as an 
intriguing SIB anode enabling a reversible capacity of ~300 mAh g-1. Following this landmark 
work, many more efforts have subsequently been invested for developing SIB anodes [17-19]. SIB 
anodes to date can be categorized into three classes in terms of their electrochemistry: 
intercalation-type (e.g., hard carbon [16], TiO2 [20], and Na2Ti3O7 [21,22]), alloying-type (e.g., Sn 
[23,24], red P [25,26], and Ge [27,28]), and conversion-type (e.g., CuO [29,30], SnS [31-33], and 
MoS2 [34]). Among these anodes, conversion-type materials enable high specific capacity and 
cost-effectiveness [35]. For instance, copper(I) sulfide (Cu2S) is an attractive one, given its large 
theoretical capacity of 337 mAh g-1 [35] and natural abundance [36]. The large Cu-S bond length 
of 2.18 Å in Cu2S [37,38]  can facilitate Li
+ and Na+ diffusivity with ease. The electrochemical 
mechanisms of Cu2S in LIBs [39] can also be referred for studying Cu2S anode in SIBs, because 
of their similar electrochemistry.  
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In the past decade, some studies have been conducted for Cu2S and similar copper-rich sulfides 
(e.g., Cu9S5 and Cu1.8S) as SIB anodes. Kim et al [40] first investigated the electrochemical 
behaviors of Cu2S in SIBs, but only realized a low capacity of 220 mAh g
-1 for 20 cycles at a 
current density of 50 mA g-1. It was later realized that the electrochemistry of Cu2S as a SIB anode 
suffered from some shuttling issues of sodium polysulfides (Na2Sx, 4 ≤ x ≤ 8)
 [41,42], leading to 
the poor stability and the loss of active materials. To clarify, the conversion reaction mechanism 
of Cu2S and Na during the discharging/charging processes was reported as Equation 3.1 [41].  
Cu2S + 2Na ↔ Na2S + 2Cu                                                      (3.1) 
However, the Na2S can solely undergo the reaction pathway to produce polysulfides (Na2Sx, 2≤x≤8) 
during the charging process as Equation 3.2 [43].  
xNa2S → Na2Sx + (2x-2)Na
+, 2≤x≤8                                              (3.2) 
The long-chained polysulfides (i.e., Na2Sx, 4≤x≤8) can dissolve in the electrolyte. The dissolved 
polysulfides can transfer from the anode side to the cathode side and react with the cathode and 
diffuse back to the anode. The back-and-forth transportation of polysulfides between the cathode 
and anode is the so-called shuttling of polysulfides, which leads to continuous parasitic reactions 
on both electrodes. To this end, a series of materials have been used to encapsulate Cu2S, 
performing as a physical barrier to inhibit polysulfides from shuttling, such as carbon materials 
and amino-ended hyperbranched polyamide  [42,44-47]. For instance, Jing et al [47] reported that 
Cu9S5 nanoparticles embedded in N,S-doped carbon realized an improved capacity of 344.3 mAh 
g-1 with a Coulombic efficiency (CE) of ~100 % over 200 cycles at 100 mA g-1. Nonetheless, those 
composite electrodes show low-rate performance (i.e., 138.2 mAh g-1 at 1600 mA g-1 [47]). In 
addition, all of the reported carbon matrices [42,44-47] to date require an additional conductive 
agent (e.g., carbon black) for fabricating electrodes, probably because of their low electrical 
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conductivity. Consequently, the loading of Cu2S in the electrode was greatly reduced in a range of 
48 to 70 wt%, resulting in low electrode capacity (which is calculated based on all electrode 
materials, including carbon conductive agent and PVDF binder (as summarized in Table SI-3.1 
and Figure SI-3.1 in Supporting Information)). Furthermore, the complicated synthesis processes 
in these studies are tedious for mass production of Cu2S/carbon composites [44,46]. In addition to 
sulfur shuttling, Cu2S electrodes have been suffering from another issue, the formation of SEI layer. 
The SEI layer is a passivating film at the electrode interface by the decomposition of electrolyte. 
It undesirably consumes sodium ions and reduces active electrode area, which is detrimental to 
electrode. It has been reported that the initial capacity loss in Cu2S electrode was resulted from the 
formation of SEI layer [41,44]. In addition, it was found that ether-based electrolyte solvents (e.g., 
DEGDME) are more compatible with Cu2S electrodes than carbonated-based electrolyte solvents, 
leading to more stable performance [41,48]. Narrowing voltage window seemed another strategy 
to avoid SEI formation and improve performance [41,45-48], but few studies investigated the 
underlying mechanisms with different voltage windows. More importantly, the electrochemical 
mechanism of Cu2S sodiation/desodiation has not well established. For instance, some studies 
reported that Cu2S proceeded via conversion reaction at around 0.4 V [44,46], while Qin et al 
found some trace amount of Cu when Cu2S was discharged to 1.2 V [45]. In those studies, lab-
based ex-situ XRD measurements were employed, and their limited resolutions might have 
contributed to the conflicted conclusions. To sum up, there still lacks a clear understanding on the 
electrochemical mechanism of Cu2S in SIBs during charge-discharge processes and more efforts 
are needed to design Cu2S electrodes for better SIBs performance.  
Motivated by the previous studies [40-42,44-48] and aimed at developing better Cu2S anodes via 
a cost-effective technical route for mass production, in this work we demonstrate a facile ball-
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milling method to fabricate nitrogen-doped graphene-wrapped Cu2S (Cu2S@NG) as an 
exceptional anodes in SIBs. NG was selected as the conductive agent and encapsulation matrix in 
our work to produce Cu2S@NG composite electrodes, due to its excellent properties [49-52]. 
Comparison with the Cu2S electrode using SuperP carbon black as the conductive agent 
(Cu2S@SuperP), the Cu2S@NG electrode exhibited much longer cyclability and higher rate 
capability. We believe that the NG has played multiple functional roles in enhancing the 
performance of composite electrodes: (i) performing as a protective barrier to inhibit the shuttling 
of polysulfides [53], (ii) serving as an absorbent to anchor polysulfides from shuttling [49], (iii) 
forming a stable interface between the electrode and electrolyte and thereby suppressing the 
formation of SEI layer [51,54], (iv) offering the enhanced electrical conductivity along with 
graphene sheets [50] and fast ionic transportation through numerous vacant holes at N-doping sites 
[55,56], and (v) enhancing mechanical integrity of electrodes [57,58]. In addition, we further 
investigated the effects of different voltage windows and a surface coating on the electrochemical 
performance of Cu2S@NG electrodes. More significantly, we unveiled the electrochemical 
mechanism by a systematic investigation using the advanced synchrotron-based in-situ X-ray 
absorption spectroscopy (XAS) and X-ray diffraction (XRD) together. Thus, this study has 
showcased a superior Cu2S@NG electrode with exceptional performance and clarified the 
underlying electrochemical reactions using contemporary synchrotron-based techniques.  
 
3.2. Experimental 
3.2.1. Preparation of Electrode Materials 
Copper(I) sulfide (Cu2S) powder (Sigma-Aldrich) was commercially available. The Cu2S powder 
was mixed with a conductive additive (either SuperP or NG, ACS Material) and polyvinydene 
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fluoride (PVDF) binder (MTI Corporation) in 1-Methyl-2-pyrrolidone (NMP, Sigma-Aldrich) 
solvent in a weight ratio of 8:1:1. The mixtures were then ball-milled at 870 rpm for 6 hours using 
a high-energy planetary system (MSE Supplies LLC.) to grind down the Cu2S particle size. The 
resultant slurries were subsequently cast onto Cu foil with a thickness of 200 μm using a doctor 
blade. The electrode films were dried at ambient environment and then heated at 100 oC in vacuum 
for 8 hours.  
3.2.2. Electrochemical Measurements 
The electrochemical performance of Cu2S electrodes were evaluated in half coin cells (CR2032 
stainless steel coin cells), using sodium metal as the counter electrode. Cu2S electrodes were 
punched into circular disks with a 7/16-inch diameter, and the loading of Cu2S active material is 
in the range of 1.5 - 2 mg cm-2. Celgard polypropylene/polyethylene membranes (25 μm thick, 
MTI Corporation) were used as separators. Sodium metal (Millipore Sigma) was roll-pressed to 
sodium foil and then punched into 7/16-inch circular disks as counter electrodes. The liquid 
electrolyte was 1 M NaPF6 (Sigma-Aldrich) in DEGDME (Sigma-Aldrich). The coin cells were 
then assembled and pressed under a hand-operated hydraulic crimping machine (MTI Corporation) 
at 1000 psi within an Ar-filled glove box with H2O and O2 levels of <0.01 ppm. Galvanostatic 
cycling tests were performed on a Neware Battery Testing System at room temperature. Cyclic 
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were both performed on a 
SP-200 potentiostat (Bio-logic). CV applied a scan rate of 0.1 mV s-1 in the voltage range of 
0.01−3.0 V vs. Na/Na+. EIS were measured at the frequency range from 0.01 Hz to 100 kHz with 




3.2.3. Material Characterizations 
Materials morphologies were characterized using a scanning electron microscopy (SEM, 
NanoSEM 450). Elemental mapping of elements was conducted using energy-dispersive X-ray 
(EDX, NanoSEM 450) analysis. The valence states of the samples and the standards were 
measured at Argonne National Laboratory using synchrotron-based ex-situ X-ray adsorption 
spectroscopy (XAS) at APS 20 BM-B and in-situ XAS at APS 12-BM-B. The measurements of 
Cu K-edge (8979 eV) were performed at room temperature in transmission mode. To avoid the 
strong signal from Cu current collector, the Cu2S electrodes applied the Al foil for the in-situ XAS 
characterizations. Along with the samples, metal reference foils for copper were also run 
simultaneously to calibrate the incident X-ray energy and served as a reference spectrum. The 
XAS data was calibrated and normalized through Athena software package. The phase structure 
of materials was examined at Argonne National Laboratory using synchrotron-based ex-situ X-ray 
diffraction (XRD) at APS 11 ID-C (0.1173 Å wavelength) and in-situ XRD at APS 13 BM-B 
(0.4336 Å wavelength). The Cu2S electrodes in the in-situ XRD characterizations used Ti foil as 
current collector.  
 
3.3. Results and Discussion 
3.3.1. Structures of Cu2S@NG and Cu2S@SuperP Electrodes 
The as-received Cu2S powders range from 10 to 50 µm in size (as shown in Figure SI-3.2). To 
prepare Cu2S@SuperP and Cu2S@NG composite electrodes, we mixed Cu2S particles with 
polyvinydene fluoride (PVDF) and a carbon additive (either SuperP carbon black or NG) in a ratio 
of 8:1:1 in NMP, and then grinded the mixtures into smaller sizes using a MSE 0.4L Bench Top 
Vertical Planetary Ball Milling machine. The resultant ball-milled Cu2S@SuperP electrode has 
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Cu2S particles of ~100 nm (Figure 3.1a) while the ball-milled Cu2S@NG electrode has Cu2S 
particles of <2 µm in size (Figure 3.1b). The larger particle sizes of the Cu2S particles in the 
Cu2S@NG electrode should be due to the high mechanical strength of NG [59] against the particle 
grinding. It is also noteworthy that the two electrodes have distinct morphologies. Figure 3.1c 
schematically illustrates the morphology and structure of the Cu2S@SuperP electrode (refer to 
Figure 3.1a). This electrode has Cu2S exposed to the electrolyte, resulting in the massive SEI 
formation and severe polysulfide shuttling issue. In contrast, Figure 3.1d schematically show that 
the Cu2S particles are mostly encapsulated by NG and isolated from the electrolyte (refer to Figure 
3.1b). Compared to Cu2S@SuperP, the Cu2S@NG (as illustrated in Figure 3.1d) has several 
structural benefits, owing to the merits of NG: (i) NG forms a physical barrier which impedes 
polysulfides from shuttling, (ii) N-related defects of NG chemically adsorbs polysulfides from 
shuttling, (iii) NG, except for N-related defects, is chemically inert and capable of suppressing SEI 




Figure 3.1. SEM images of (a) Cu2S@SuperP and (b) Cu2S@NG electrodes.  Schematic 
Illustration of morphology and characteristics of (c) Cu2S@SuperP and (d) Cu2S@NG electrodes 
for comparison. (c) Open-structure Cu2S@SuperP electrode where Cu2S particles are exposed to 
electrolyte. (b) Close-structure Cu2S@NG electrode where Cu2S particles are encapsulated by NG 
and isolated from the direct contact with electrolyte.  
 
3.3.2. Electrochemical Performance of Cu2S@NG and Cu2S@SuperP Electrodes in Half 
Cells 
The electrochemistry of Cu2S@SuperP and Cu2S@NG electrodes was comparatively investigated 
in the voltage window of 0.01-3.0 V. Figure 3.2a and Figure 3.2b show the cyclic voltammetry 
(CV) profiles for the Cu2S@SuperP and the Cu2S@NG electrode, respectively. In the first 
discharge, both electrodes commonly show five main cathodic peaks (i.e., 1.89, 1.47, 1.13, 0.80, 
and 0.41 V) corresponding to the Na-Cu2S electrochemical reactions in the literature [44], as well 
68 
 
as two additional cathodic peaks at lower potentials. It was reported that the first four cathodic 
peaks represent the Na+ intercalation into Cu2S lattice to form the ternary (i.e., NaCuSx) 
compounds and the conversion reaction occurs at around 0.4V, based on ex-situ lab-based XRD 
[44]. However, our synchrotron-based in-situ XRD and XAS results evidently provide a different 
insight to the electrochemical mechanism, as will be discussed later. The two additional cathodic 
peaks are ascribed to be side reactions. Among them, there is one common peak at 0.13 V for both 
electrodes (the inlet images in Figure 3.2a,b), which might be the formation of SEI layer [60]. 
However, another peak at lower potential varies with the two different electrodes and is ascribed 
to be the reduction reaction of the conductive additives, SuperP and NG, respectively. For example, 
the cathodic peak at 0.04 V in the Na-Cu2S@SuperP cell (as shown in the inlet image in Figure 
3.2a) perfectly match with the unique cathodic peak in the Na-SuperP cell (see the CV profiles in 
Figure SI-3.3a). The Na-Cu2S@NG cell (inlet image in Figure 3.2b) and the Na-NG cell (Figure 
SI-3.3b) have a mutual cathodic peak at 0.016 V. In the following charge, there are three common 
anodic peaks at 1.59, 1.88, and 2.13 V for the two electrodes. Remarkably, in the subsequent cycles, 
the two electrodes exhibit similar cathodic potential shifts but different changes in current 
magnitude. For instance, both electrodes exhibit the similar potential shifting evolutions (i.e., 0.41 
V to 0.58 V, 0.73 V to 0.82 V, and 1.88 V to 1.94 V as shown in Figure 3.2a,b). However, the 
cathodic peaks of ~1.9 and ~0.8 V in the Cu2S@SuperP electrode show the increased current 
magnitudes over cycling, while in the Cu2S@NG electrode gradually diminish. This suggests that 
both electrodes undergo the similar electrochemistry but vary in the different intercalation paths 
at ~1.9 and ~0.8 V, probably due to different Cu2S particle sizes in the two electrodes (see Figure 
3.1a,b). What’s more, the Cu2S@SuperP electrode suffers many side reactions in the charge 
process after 3 cycles (Figure 3.2a). Regarding to the possible polysulfide shuttling issue, these 
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side reactions might be attributed to the polysulfide formation because of the similar anodic 
potentials as reported in the literature [61]. On the contrary, the Cu2S@NG electrode shows the 
relatively stable charge process (Figure 3.2b), implying that polysulfide shuttling issue is inhibited 
by NG.  
 
Figure 3.2. Electrochemical Performance of Cu2S@SuperP and Cu2S@NG Electrodes in half cells. 
Cyclic voltammetry profiles of (a) a 5-cycle Na-Cu2S@SuperP cell and (b) a 10 cycle Na-
Cu2S@NG cell at a scan rate of 0.1 mV s
-1 in the voltage window of 0.01 - 3.0 V (inlet images 
show the CV profiles from 0.01 to 0.2 V). (c) Cycle performance and CE of Cu2S@SuperP and 
Cu2S@NG electrodes in Na half cells tested in 0.01-3.0 V at a current density of 100 mA g
−1. 
Nyquist plots and fitting curves from EIS measurements of (d) a Na-Cu2S@SuperP cell during 5 




Figure 3.2c shows the electrochemical cyclability and CE of both electrodes at a current density 
of 100 mA g-1 in the voltage window of 0.01-3.0 V. The discharge capacities for both electrodes 
at the first cycle are ~450 mAh g-1, which are much higher than the theoretical Cu2S capacity of 
337 mAh g-1, and then decrease to ~350 mAh g-1 at the second cycle. The initially non-reversible 
capacity is resulted from the formation of SEI layer. The Cu2S@SuperP electrode failed after 3 
cycles because of the extremely low CE. In this study, CE is the ratio of discharge capacity over 
charge capacity. Thus, the low CE (<50 %) and the constant discharge capacity (~300 mAh g-1) 
after 3 cycles reveal the abnormally long charging phenomenon (also see the discharge-charge 
profiles in Figure SI-3.4). This long charging process is induced by the polysulfide shuttling effect, 
as revealed in previous studies of Na-Cu2S [41,42] and Na-S batteries [43]. In comparison, 
Cu2S@NG electrode delivered ~300 mAh g
-1 with 99% CE over 200 cycles. The dramatically 
improved performance is believed mainly due to the substitution of SuperP by NG and the two 
critical roles of NG, such as mitigating SEI formation and preventing polysulfides from shuttling. 
Nonetheless, Cu2S@NG electrode has capacity fading gradually after 60 cycles, possibly due to 
some formation of SEI. In the two electrodes, the capacity contributed by each conductive agent, 
either NG or SuperP, was also measured in the Na half-cell configuration at 100 mA g-1 in the 
range of 0.01-3.0 V (Figure SI-3.3c). The SuperP electrodes exhibited the initial capacity of ~250 
mAh g-1 and a steady capacity of ~160 mAh g-1 over 300 cycles, while NG had higher initial 
capacity of ~290 mAh g-1 and faded down to ~70 mAh g-1 after 300 cycles. Considering 10 wt% 
of both SuperP and NG in the Cu2S@Super and Cu2S@NG electrodes, their contributions to the 
capacities are negligible, ~16 and 7 mAh g-1, respectively.  
The polysulfide shuttling issue often hinders the electrochemical stability of Cu2S electrode. It was 
reported that Na2S as the conversion product can also solely oxidize to generate the soluble 
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polysulfides (i.e., Na2S4, Na2S6, and Na2S8) in the electrolyte [42,62]. These soluble polysulfides 
can transfer through electrolyte to the Na metal counter electrode and then are reduced by Na metal 
to produce shorter chain polysulfides (i.e., Na2S4)
 [43]. The shorter chain polysulfides (i.e., Na2S4) 
can also dissolve in the electrolyte and counteract the oxidation of polysulfides on the working 
electrode [43]. This parasitic reaction results in the extremely long charging process [43], also 
indicated as the extremely low CE in Figure 3.2c. In this work, we designed an experiment to 
examine the polysulfide shutting issue by detecting the sulfur existence on Na metal counter 
electrode in the cycled cells via energy-dispersive X-ray (EDX) spectroscopy. Figure SI-3.5a 
showed sulfur element on the Na metal surface in Na-Cu2S@SuperP cell after 5 cycles, while no 
trace of sulfur was observed for Na-Cu2S@NG cell after 50 cycles in Figure SI-3.5b. Obviously, 
the encapsulation of NG has dramatically inhibited the polysulfide shuttling issue in the Cu2S@NG 
electrode. 
We further investigated the evolution of cell impedance using an electrochemical impedance 
spectroscopy (EIS) in the two cells. Figure 3.2d shows the Nyquist plot and the fitting curves of 
the impedance results of the Na-Cu2S@SuperP cell during the initial 5 cycles. The dramatically 
increasing impedance during initial 5 cycles should be resulted from the continuously growing SEI 
layer. In comparison, the Na-Cu2S@NG cell also has an increasing impedance during the first 5 
cycles (Figure 3.2e), but subsequently shows a decreasing impedance, revealing the interfacial 
self-stabilization by NG. The EIS fitting was conducted using an equivalent circuit model (inlet 
diagram in Figure 3.4b), and the detailed fitted information is provided in the Table SI-3.2 in 
Supplemental Data. On the other hand, the morphological changes of both electrode interfaces 
during the first cycle were examined using SEM. Compared to the pristine Cu2S@SuperP electrode 
(Figure SI-3.6a, showing many cracks), the surface of the sodiated electrode (Figure SI-3.6b) is 
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dense and smooth. It is particular that the cracks disappear. These changes indicate the formation 
of a thick SEI layer. The desodiated Cu2S@SuperP electrode (Figure SI-3.6c), however, presents 
much rougher and more porous morphology with bigger cracks, compared to the pristine electrode 
and the sodiated electrode. These imply that Cu2S@SuperP electrode has suffered from an unstable 
SEI formation/decomposition and some mechanical deintegration, leading to the continuous 
electrode/electrolyte consumption and the loss of electrical contact. Compared to the pristine 
Cu2S@NG electrode surface (Figure SI-3.6d), in contrast, the sodiated (Figure SI-3.6e) and 
desodiated (Figure SI-3.6f) Cu2S@NG electrodes both did not exhibit any evident morphological 
changes, implying less SEI formation and better mechanical integrity than those of the 
Cu2S@SuperP electrode. Hence, it has been witnessed by EIS tests and SEM images that NG could 
significantly stabilize the Cu2S electrode by suppressing the SEI formation and providing excellent 
mechanical integrity. 
3.3.3. Synchrotron-based X-ray Characterizations for Electrochemical Mechanism 
We further explored the electrochemical mechanism of Na-Cu2S@NG cell using advanced 
synchrotron-based X-ray techniques, X-ray diffraction and absorption (i.e., XRD and XAS) in this 
study. Synchrotron-based XAS techniques, including X-ray absorption near edge structure 
(XANES) and extended X-ray absorption fine structure (EXAFS), confirmed the reversible 
conversion reaction and investigated electrochemical kinetics. The ex-situ XANES results reveal 
that the Cu2S@NG electrode discharged to 0.01 V exhibits the similar near-edge spectra to the 
reference of Cu foil (Figure 3.3a), suggesting Cu metal in electrode from the completed 
conversion reaction. As charged to 3.0 V, the electrode shows the identical near-edge spectra to 
pristine Cu2S powder, confirming the reversible conversion reaction. This reversible reaction is 
also validated from the radical atom distance (inlet image in Figure 3.3a) derived from EXAFS, 
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which reflects the bond length between Cu and its first-neighboring atoms without the phase shifts. 
More specifically, the fully discharged electrode shows the first-neighboring atom distance of ~2.2 
Å that is identical to the Cu foil reference for Cu-Cu bonds, while the mutual distance of ~1.9 Å 
in both fully charged electrode and pristine Cu2S represents Cu-S bonds [63]. In addition, the in-
situ XANES characterizations were conducted to investigate the evolution of Cu valence state 
based on Cu K edge during first discharge/charge cycle (see full XANES spectra in Figure SI-
2.7). Obtained from the derivative of normalized absorption energy, the K-edge energies of Cu0 in 
Cu metal and Cu+1 in Cu2S are 8979.3 eV and 8981.7 eV (Figure 3.3b(ii)), respectively. 
Furthermore, to better interpret the electrochemical kinetics, the weight ratios of Cu2S and Cu in 
all XANES spectra (Figure 3.3b(iii)) were derived from the linear combination fitting of their 
standard spectra in Athena software. Athena is an open-source software for offering high quality 
XAS analysis with a highly usable interface [64]. These fits were done using the derivative of 
normalized energy. When discharged to 1.6 V, the Cu K-edge energy began left-shifting to lower 
energy (Figure 3.3b(ii)), and the weight ratios of Cu2S and Cu began decreasing and increasing 
(Figure 3.3b(iii)), respectively. This indicates the start of conversion reaction at 1.6 V. 
Subsequently, K edge continuously left-shifted to Cu0 energy until fully discharged, and the 
changing trend remained almost linearly proportional to discharge voltage. This reveals that 
conversion reaction gradually proceeds below 1.6 V in the discharging process. Nonetheless, an 
exception of unchanged K-edge and the weight ratios was observed in the voltage window between 
0.18 and 0.1 V. It suggests that the Na-Cu2S electrochemistry might be hindered by the side 
reaction at 0.13 V as shown in CV profile (inlet image in Figure 3.2b). During charging, the K 
edge stayed at Cu0 energy until ~1.5 V, then slightly right shifted to higher energy until ~2.0 V, 
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and afterwards rapidly shifted to Cu+1 until fully charged to 3.0 V. It reveals that the inverse 
conversion starts at ~1.5 V with a slow reaction rate and then rapidly proceeds after ~2.0 V.  
 
Figure 3.3. Synchrotron-based X-ray Characterizations for Electrochemical Mechanism. (a) Ex-
situ XANES patterns of the normalized Cu K-edge for Cu2S@NG electrodes when discharged to 
0.01V (red) and charged to 3V (green). The dot-dash lines show the near-edge spectra of Cu metal 
(black) and Cu2S powder (blue) as references. The inset shows the radical distances to first 
neighboring atoms from EXAFS patterns. (b) In-situ XANES characterization of a Na-Cu2S@NG 
cell at C/12 in the range of 0.01-3.0 V during the first cycle. The evolutions of (ii) the derivative 
normalized Cu K-edge and (iii) Cu2S and Cu weight ratios correspond to (i) the discharge/charge 
profile. (c) Ex-situ XRD patterns of pristine Cu2S@NG electrode and the electrodes when 
discharged to 0.7 V, 0.3 V, 0.1, and 0.01 V, and when charged to 2.0 V and 3.0 V. (d) In-situ XRD 
characterization of a Na-Cu2S@NG cell at C/5 in the range of 0.01-3.0 V during the first cycle.  
 
Likewise, synchrotron based XRD characterizations were also performed to investigate the 
electrochemical mechanisms by examining the evolution of phase structures. Figure 3.3c shows 
synchrotron-based ex-situ XRD results of Cu2S@NG electrodes at the selected voltages, such as 
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discharging at 0.7, 0.3, 0.1, and 0.01 V and charging at 2.0 and 3.0 V. The pristine Cu2S@NG 
electrode contained the mixed phases of Cu2S and Cu1.92S (both denoted as Cu2S in this work). 
Discharging to 0.7 V, a new phase of Cu1.8S was produced in the electrode, and all XRD patterns 
of CuxS phases (including Cu2S, Cu1.92S, and Cu1.8S) became left-shifted and broadened, 
suggesting the enlarged volume of Cu2S lattice by Na intercalation. At 0.3 V, the reduced CuxS 
peaks and the risen Cu and Na2S peaks were noticed, suggesting that conversion was proceeding. 
When discharged to 0.1 V, the CuxS peaks fully diminished, indicating the completed conversion. 
Afterwards, there was no obvious phase change between 0.1 and 0.01 V. During charging process, 
the major Cu and Na2S patterns and minor CuxS patterns were shown in the desodiated electrode 
at 2.0 V, and when charged to 3.0 V the mixed phases of Cu2S, Cu1.92S, and Cu1.8S were obtained 
without any trace of Cu and Na2S. This implies that the inverse conversion reaction mainly 
proceeds between 2.0 and 3.0 V, and the Na-Cu2S electrochemistry is highly reversible. In addition, 
motivated by minimizing air exposure for Cu oxidization during characterizations and aiming to 
study the subtle phase changes, we also conducted the synchrotron-based in-situ XRD for further 
investigation. Figure 3.3d(ii) exhibits the evolution of phase transformation in Cu2S@NG 
electrode, corresponding to the first discharge/charge profile (Figure 3.3d(i)). It is observed that 
the intercalation reaction dominates the early discharge process at the potential above 1.5 V, as the 
indicator of the left shifted and broadened Cu2S peak. Interestingly, there is an overlapping period 
of simultaneous intercalation and conversion reactions from 1.5 to 0.8 V, where the intensity of 
Cu peak arises while the sodiated Cu2S peak continues left-shifting but gradually diminishes. 
Afterwards, the conversion reaction persists proceeding until ~0.15 V with the arisen Cu peak and 
the fully diminished Cu2S peak. Between 0.15 and 0.01 V, there is no noticeable phase change, 
suggesting the completed electrochemistry. During charging process, the inverse conversion 
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reaction starts at ~1.4 V with the risen Cu2S peak and persists until fully charged with the 
diminished Cu peak, while the deintercalation proceeds above ~2.1 V with the indication of right 
shifted Cu2S peak.  
The evolution of phase transformation via in-situ XRD characterizations show a good agreement 
with the evolution of Cu valence state via in-situ XAS results. Both synchrotron-based XAS and 
XRD techniques provide an insightful view on the reversible Na-Cu2S electrochemical mechanism. 
Cu2S initially experiences the intercalation reaction until discharged to 1.6 V, then simultaneously 
proceeds the intercalation and conversion reactions until intercalation is done at 0.8 V, and 
afterwards conversion completes until fully discharged. During the charging process, the inverse 
conversion slowly proceeds between 1.5 and 2.0 V and then rapidly proceeds simultaneously with 
the deintercalation to retrieve Cu2S until fully charged.  
3.3.4. Strategies for Performance Improvement 
The in-situ XAS results (Figure 3.3b) reveals that the electrochemistry of Na and Cu2S is 
hampered between 0.18 and 0.1 V. Furthermore in-situ XRD characterizations (Figure 3.3d) also 
reveal that there is no significant phase change with Cu2S during discharge until 0.15 V. These 
findings validate that the cathodic reactions at 0.13 V (as shown in the insets of the CV profiles in 
Figure 3.2b) are irrelevant to Cu2S electrochemistry. Instead, the side reaction is related to the SEI 
formation. To avoid the SEI formation, one strategy is narrowing a voltage window by adopting a 
higher cutoff voltage for discharging than the voltage of the SEI formation. In this work, the 
electrochemical performances (i.e., cyclability, stability, rate capability and impedance) were 
systematically investigated for different voltage windows (i.e., 0.01-3.0 V, 0.1-3.0 V, 0.2-3.0 V, 
and 0.4-3.0 V) on both electrodes. Figure 3.4a shows the cyclability and CE of the Cu2S@NG 
electrodes at a current density of 100 mA g-1 in all voltage windows. Although the 0.1-3.0 V 
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voltage window enables longer cycle life than the 0.01-3.0 V voltage window, the Cu2S@NG 
electrode still suffers the capacity fading after 120 cycles, implying some formation of SEI layer 
and the loss of active materials. The 0.4-3.0 V voltage window could improve the cyclability with 
99.9 % CE over 500 cycles but compromise to the lowest capacity. Among all, the 0.2-3.0 V 
voltage window apparently is the optimal choice for the dramatically improved cyclability and 
stability of Cu2S@NG electrode (314 mAh g
-1 and 99.9 % CE at 500 cycle). EIS measurements 
were also conducted for both electrodes in these voltage windows during 50 cycles (Figure SI-
3.8). The resistance of SEI layer (Figure 3.4b) was calculated from those EIS results using the 
model in the inlet diagram and exhibited a remarkable decrease with ≥0.2 V cutoff voltages. It 
validates that narrowing voltage window could effectively avoid the formation of SEI layer for the 
stable interfacial performance. Moreover, the Cu2S@NG electrodes in 0.2-3.0 V exhibit the 
ultralong cyclability at high rates (e.g., 270 mAh g-1 over 1000 cycles at 5 C) (Figure 3.4c) and 
superior rate capability (i.e. 260 mAh g-1 at 10 C, 1 C = 337 mA g-1) (Figure 3.4d). In comparison, 
the Cu2S@SuperP electrodes in the 0.2-3.0 V show the improved cyclability (302 mAh g
-1 and 96 % 
CE at 120 cycle, Figure SI-3.9a) and high-rate capability (Figure SI-3.3b), but still failed due to 
the extremely low CE. Again, it reveals that the major issue associated with Cu2S@SuperP 





Figure 3.4. Strategies for the Improved Performance: Narrowing Voltage Window. (a) Cycle 
performance and CE of Cu2S@NG electrodes for different voltage windows at 100 mA g
−1. (b) 
The SEI resistance (RSEI) vs. cycle in Na-Cu2S@NG cells for different voltage windows. Inlet 
image shows the impedance model for the Z-fitting data. (c) Long-term cyclic behavior of Na-
Cu2S@NG cells at various current densities of 100 mA g
−1, 1 C, 2 C, and 5 C (1 C = 337 mA g−1)  
in the range of 0.2-3.0 V. (d) Rate performance of Na-Cu2S@NG cells at 100 mA g
−1, 0.5 C, 1 C, 
2 C, 5 C, and 10 C in the voltage window of 0.2-3.0 V.  
 
3.4. Conclusions 
In summary, we developed a Cu2S@NG composite anode for SIBs, in which Cu2S particles are 
wrapped by NG, using a facile and scalable ball-milling method. The prospective NG outperforms 
SuperP for serving as both a conductive agent and an encapsulation matrix, given its high electron 
and ion transfer, significant inhibition of polysulfide shuttling effect and the formation of SEI layer, 
and high mechanical integrity. The as-prepared Cu2S@NG electrodes exhibited high sustainable 
capacity (~314 mAh g-1 at 100 mA g
-1), long-term stability (99% CE over 500 cycles), high rate 
cyclability (~270 mAh g-1 over 1000 cycles at 5C, 1C = 337 mA g
-1). More importantly, owing to 
high active material loading, Cu2S@NG electrodes demonstrated the to-date highest electrode 
capacity (252 mAh g-1) towards all previously reported Cu2S (including Cu9S5 and Cu1.8S) 
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electrodes (Table SI-3.1). Using synchrotron-based in-situ XAS and XRD, we provided the in-
depth insights to Cu2S electrochemical mechanism in SIBs. In addition, narrowing voltage window 
(i.e. 0.2-3.0 V) can drastically avoid the SEI formation at lower potentials and dramatically 
stabilize the electrode performance. Moreover, surface coating method using ALD technique could 
effectively suppress SEI formation at low potentials and improve performance in the full voltage 
window of 0.01-3.0 V without the compromise of active capacity. In this work, we not only 
investigated the Cu2S as a superior SIB anode enabling its high capacity, long cyclability, and rate 
capability, but also demonstrated an effective and facile way to construct electrodes using 
conductive and encapsulating NG for enlightening the electrode engineering and boosting SIB 
anode performance.  
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Table SI-3.1. Summary of electrode loading and battery performance in all previously reported 
literatures and this study† 
Materials 
(Composite) 




























































































† Our electrodes show the highest electrode capacity, regarding to the active material loading.  
 
Table SI-3.2. The fitted EIS data for Cu2S@SuperP and Cu2S@NG at 0.01-3V 
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Figure SI-3.1. Comparison of electrode capacity in this work with those in all previously reported 
literatures. 
 





Figure SI-3.3. Cyclic voltammetric profiles of (a) a Na-SuperP cell and (b) a Na-NG cell for the 
initial cycles. (c) Cycle performance of Na-SuperP and Na-NG cells.  
 
 
Figure SI-3.4. Discharge-charge profiles of (a) a Na-Cu2S@SuperP cell and (b) a Na- Cu2S@NG 




Figure SI-3.5. The sulfur content on Na electrode surfaces in (a) a 5-cycle Na-Cu2S@SuperP cell 








Figure SI-3.6. The comparison of SEM morphological evolutions of Cu2S@SuperP and 
Cu2S@NG electrodes (a) (d) before cycling, (b) (e) after 1




Figure SI-3.7. In-situ XANES full scans of Cu K-edge for Na-Cu2S cell during the first 




Figure SI-3.8. Nyquist plots from EIS measurements of Na-Cu2S@SuperP cell and Na-Cu2S@NG 
cell during 50 cycles under (a) (d) 0.1-3.0 V, (b) (e) 0.2-3.0 V and (c) (f) 0.4-3.0 V versus Na/Na+, 
respectively. (g) RSEI




Figure SI-3.9. (a) Cycle performance and CE of Na-Cu2S@SuperP cells in different voltage 
windows at a current density of 100 mA g−1. Rate performance at current densities of 100 mA g−1, 
0.5, 1, 2, 5, and 10 C for Na-Cu2S@SuperP cell at a cutoff voltage of (b) 0.2 and (c) 0.4 V and (d) 
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Sodium-ion batteries (SIBs) have attracted increasing attention for storing renewable clean energy, 
owing to their cost-effectiveness. Nonetheless, SIBs still remain significant challenges in terms of 
the availability of suitable anode materials with high capacities and good rate capabilities. Our 
previous work has developed and verified that Cu2S wrapped by nitrogen-doped graphene (i.e., 
Cu2S@NG composite), as an anode in SIBs, could exhibit a superior performance with ultralong 
cyclability and excellent rate capability, mainly due to the multifunctional roles of NG. However, 
the Cu2S@NG anode still suffers from continuous parasitic reactions at low potentials, causing a 
rapid performance deterioration. In this study, we investigated the effects of a conformal Al2O3 
coating via atomic layer deposition (ALD) on the interfacial stability of the Cu2S@NG anode. As 
a consequence, the ALD-coated Cu2S@NG electrode can deliver a high capacity of 374 mAh g
−1 
at a current density of 100 mA g−1 and achieve a capacity retention of ~100% at different rates. 
This work verified that surface modification via ALD is a viable route for improving SIBs’ 
performances. 




Sodium-ion batteries (SIBs) have been highly regarded as a promising technology to constitute 
large stationary electrical energy storage (EES) systems for renewable clean energies (e.g., solar 
and wind power), featuring their low cost and the natural abundance of sodium [1,2]. Due to the 
larger radius (1.02 Å) of the Na-ions than that (0.76 Å) of the Li-ions [3], SIBs have experienced 
more difficulties in the search for a suitable anode material [4–9]. Among potential candidates, the 
conversion-type copper(I) sulfide (Cu2S) has attracted much interest, owing to its high theoretical 
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capacity of 337 mAh g−1, outstanding rate capability over 10 C (1 C = 337 mA g−1), and natural 
abundance [10–12]. 
It has been witnessed that Cu2S and its analogs (e.g., Cu9S5 and Cu1.8S) suffer from performance 
degradation, due to continuous parasitic reactions at their interfaces [13,14]. It has been 
demonstrated that, to deal with these kinds of issues, a physical encapsulation over Cu2S is 
effective. In this regard, a variety of different coverings have been reported, such as carbon 
materials, amino-ended hyperbranched polyamide, and nitrogen-doped graphene (NG) [14–19]. 
For example, Cu9S5 nanoparticles embedded in N,S-doped carbon realized a capacity of 344.3 
mAh g−1 at 100 mA g−1 for 200 cycles, but showed a low rate performance—i.e., a capacity of 
138.2 mAh g−1 at 1600 mA g−1 [18]. Chen et al. [14] applied an N,S dual-doped carbon to 
encapsulate Cu2S, leading to a capacity of 182.3 mAh g
−1 for 50 cycles. Due to low electron 
conductivity in N,S dual-doped carbon, the addition of some extra conductive agent led to a 51.5 
wt% content of the active material and a low electrode capacity of 93.9 mAh g−1 (which was based 
on all the electrode materials, including the active material, the conductive agent, and the binder) 
[14]. In this regard, we developed a superior Cu2S@NG composite anode for SIBs in our previous 
work [19]. In the work, we demonstrated that the NG exhibited multifunctional roles in the anode 
[20,21] and contributed to a significant improvement in performance. Our Cu2S@NG composite 
anode exhibited the highest electrode capacity (252 mAh g−1) among all the Cu2S-related 
electrodes reported to date. Nonetheless, we also noticed that there were still some parasitic 
reactions occurring at low potentials (e.g., <0.15 V), which deteriorated the performance of the 
Cu2S@NG composite anode. The parasitic reaction might be exhibited as continuing electrolyte 
decomposition [22,23], which consumes part of the charge and even hinders the active capacity of 
electrode materials. To this end, we have adopted a higher discharge cutoff voltage of 0.2 V to 
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mitigate the parasitic reactions for achieving a more stable performance—e.g., a sustainable 
capacity of 270 mAh g−1 for 1000 cycles at 5 C (1 C = 337 mAh g−1) [19]. However, the higher 
cutoff potential of 0.2 V compromised the capacity of the Cu2S anode to some extent. 
Motivated to further improve the electrochemical performance of our previously developed 
Cu2S@NG electrode in the voltage window of 0.01–3.0 V, herein we demonstrate a design 
philosophy using a surface modification via atomic layer deposition (ALD) to suppress parasitic 
reactions. The ALD thin film technique has emerged as a promising approach for stabilizing 
lithium-ion batteries (LIBs) and SIB performance, featuring its capabilities for growing a large 
range of inorganic materials and forming an ultrathin, uniform, and conformal coatings [24–26]. 
It has been demonstrated that the inorganic oxide materials (i.e., Al2O3, ZrO2, and TiO2) coated on 
electrodes via ALD have remarkably improved the interfacial stability and thereby elongated the 
electrodes’ cycling life [27–29]. Particularly, Al2O3 coating via ALD has been widely employed 
in SIBs, featuring its good protective effects against HF corrosion and mechanical reinforcement 
on electrodes [24]. In this study, we applied an ultrathin Al2O3 coating via ALD on Cu2S@NG 
electrode as a model system for investigating its effect on the interfacial stability of SIBs. 
Compared with the bare electrode, the ALD-coated electrode (i.e., ALD-Cu2S@NG) could enable 
a more stable electrochemical performance, accounting for a capacity of 374 mAh g−1 at 100 mA 
g−1 for 100 cycles versus a capacity of 304 mAh g−1 for the bare electrode at the same testing 
conditions and an exceptional capacity retention of ~100% at different current rates (up to 10 C). 
The electrochemical impedance spectroscopy (EIS) measurements confirmed that the ALD 
coating has dramatically reduced the interfacial resistance. Consequently, our study revealed that 
surface modification via ALD is an important strategy to enhance interfacial stability of sodium-




4.2.1. Preparation of Electrode Materials 
The as-received copper(I) sulfide (Cu2S) powder (Sigma-Aldrich) was mixed with a conductive 
additive (NG, ACS Material) and polyvinydene fluoride (PVDF) binder (MTI Corporation) in a 
weight ratio of 8:1:1 in 1-Methyl-2-pyrrolidone (NMP, Sigma-Aldrich) solvent. The mixture was 
ball-milled in a high-energy planetary system (MSE 0.4L Bench Top Vertical Planetary Ball 
Milling machine) at a speed of 870 rpm for 6 h, leading to a homogenous slurry. Subsequently, the 
received slurry was cast onto a Cu foil with a 200 μm doctor blade. The resultant laminates were 
dried in air overnight and then further dried at 100 °C in a vacuum for 8 h. The surface modification 
with an Al2O3 coating was performed on the dried electrode laminates in a commercial ALD 
(Savannah 200, Veeco) system at 100 °C, using trimethylaluminum (TMA) and H2O as precursors. 
4.2.2. Electrochemical Measurements 
The CR2032 coin cells were used to evaluate the electrochemical performance of ALD-coated 
Cu2S electrodes, using sodium metal as the counter electrode. The electrode laminates and sodium 
metal were punched into discs (7/16 inches in diameter), having an active loading range of 1.5–2 
mg cm−2. The separators used were polypropylene/polyethylene membranes (25 μm thick, Celgard 
MTI Corporation). The liquid electrolyte was 1 M NaPF6 (Sigma-Aldrich) in diethylene glycol 
dimethyl ether solvent (DEGDME or diglyme, Sigma-Aldrich). The coin cells were assembled in 
an Ar-filled glove box with H2O and O2 levels of <0.01 ppm. Galvanostatic charge/discharge tests 
were conducted on a Neware Battery Testing System at room temperature (~25 °C). Cyclic 
voltammetry (CV) tests were performed using an SP-200 potentiostat (Bio-logic) at a scan rate of 
0.1 mV s−1 in the voltage range of 0.01−3.0 V versus Na/Na+. The EIS measurements were carried 
97 
 
out using the SP-200 potentiostat at the frequency range from 0.01 Hz to 100 kHz with an AC 
signal amplitude of 5 mV. 
4.2.3. Material Characterizations  
The microscopic images of the electrodes were obtained using a NanoSEM 450, which was 
coupled with an EDX spectroscopy. The synchrotron-based ex situ X-ray diffraction (XRD) was 
carried out at APS 11 ID-C (0.1173 Å wavelength) at Argonne National Laboratory. 
 
4.3. Results and Discussion 
The as-received Cu2S powders show a particle size distribution between 10 and 50 µm (Figure 
4.1a), observed using a scanning electron microscopy (SEM). To facilitate Na+ diffusion, a high-
energy planetary ball milling was used to grind the Cu2S particles in the mixture of NG conductive 
agent and polyvinydene (PVDF) binder. After ball milling, the Cu2S particle size was significantly 
reduced to <2 µm (Figure 4.1b). The electrode active material consisted of NG-encapsulated Cu2S 
particles. Because the parasitic reactions occurred at the low potential of ~0.13 V deteriorate the 
electrochemical performance of Cu2S@NG electrode, in this work, we applied a surface coating 
of Al2O3 on the electrodes to achieve a stable interface and thereby suppress the parasitic reactions. 
The ALD Al2O3 coating on the electrode surface was used as a model system to demonstrate our 
design philosophy. Various thicknesses (2, 4, 6, and 8 nm) of the Al2O3 coating were deposited on 
the Cu2S@NG electrode to examine the effectiveness of Al2O3 coating. Synchrotron-based XRD 
characterization was performed to investigate the crystallographic structure of the pristine Cu2S 
powder and ALD-Cu2S@NG electrode. Figure 4.1c reveals that both materials contained the 
mixed phases of Cu2S and Cu1.8S (both denoted as Cu2S in this work), while the amorphous Al2O3 
nanocoating could not be identified by XRD. Figure 4.2 presents the energy-dispersive X-ray 
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(EDX) mapping of element distribution on the electrode. The homogeneity of the Al element on 
the electrode reveals that Al2O3 coating uniformly covers both active Cu2S material and other 
inactive materials (e.g., PVDF and carbon additives). To further verify the coating uniformity on 
electrode materials, we also conducted an 80-cycle (~8 nm) Al2O3 coating via ALD on either NG 
or Cu2S. SEM images of NG wrinkles (Figure SI-4.1a,b) and the Cu2S particle surface (Figure 
SI-4.1c,d) before and after ALD deposition both illustrate the superior uniformity and 
conformality of the Al2O3 coating. EDX spectra of both materials (Figure SI-4.1e,f) also confirm 
the existence of Al2O3 coating. 
 
Figure 4.1. SEM images of (a) the as-received Cu2S powder and (b) Atomic Layer deposition 
(ALD)-coated Cu2S@NG electrode. (c) XRD characterizations of the as-received Cu2S powder 




Figure 4.2. (a) SEM image of ALD-coated Cu2S@NG electrode with energy-dispersive X-ray 
(EDX) mapping of (b) Al, (c) F, (d) Cu, (e) S, and (f) C elements, exhibiting the uniformity of 
Al2O3 coating. 
 
The electrochemical behavior of the ALD-Cu2S@NG electrode was investigated using SIB half-
cells within a voltage range of 0.01–3 V. The cycling performance tests of the bare Cu2S@NG 
electrode and the ALD-coated electrodes, with 2, 4, 6, and 8 nm Al2O3 coatings, were conducted 
with a constant current charging/discharging at 100 mA g−1 (Figure 4.3a). For the bare electrode, 
the discharge capacity at the first cycle was ~450 mAh g−1, which is much higher than the 
theoretical capacity of Cu2S (337 mAh g
−1), and then decreased to ~350 mAh g−1 at the second 
cycle. The initially irreversible capacity loss resulted from the formation of some solid electrolyte 
interphase (SEI) due to electrolyte decomposition. Starting from ~50 cycles, the bare Cu2S@NG 
electrode suffered some capacity fading with a decreased capacity of 302 mAh g−1 at the 100th 
cycle, probably due to some continued parasitic reactions. In comparison, all the ALD-coated 
electrodes showed some mitigation on capacity fading after 50 cycles and exhibited much better 
capacity retention. Among all electrodes, the electrode with a 6 nm Al2O3 coating showed the 
highest capacity (374 mAh g−1) at the 100th cycle. Yet, a thicker coating (e.g., 8-nm Al2O3 coating) 
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led to a relatively lower capacity (355 mAh g−1), probably because of a lower Na ion diffusion. 
Compared with Cu2S’s theoretical capacity of 337 mAh g
−1, the excessive capacity in the 
Cu2S@NG electrode was attributed to the contribution from the sodiation into NG, because NG 
itself could deliver an initial capacity of ~290 mAh g−1 and sustain a capacity of 84 mAh g−1 at the 
100th cycle (as shown in Figure SI-4.2). However, the irreversible capacity loss of the initial 
discharge can still be witnessed in the ALD-coated electrodes. This is probably related to the Al2O3 
coating layer, which is covered by -OH functional groups. The -OH groups may cause some 
electrolyte decomposition but can be removed completely after the first discharge cycle. Figure 
4.3b exhibits the nearly identical discharge/charge profiles between the bare and the ALD-coated 
(6 nm Al2O3) electrodes at the first cycle, revealing the electrochemically inactive nature of the 
Al2O3 coating. Hence, the improved capacity retention of all the ALD-coated electrodes (Figure 
4.3a) indicates that Al2O3 coating can significantly enhance the interfacial stability after the first 
discharge–charge cycle and suppress the parasitic reactions during cycling. Because of the 
outstanding rate capability of Cu2S, the ALD-Cu2S@NG electrode with the 6 nm Al2O3 coating 
was also tested at various rates—i.e., 100 mA g−1, 0.5 C, 1 C, 2 C, 5 C, and 10 C. The ALD-coated 
electrode showed an excellent rate capability, accounting for a capacity of ~250 mAh g−1 at 10 C 
and a capacity retention of ~100% (363 mA g−1 at 2nd cycle and 361 mA g−1 at 110th cycle). It is 




Figure 4.3. (a) The cycling performance of Cu2S@NG electrodes with different ALD coating 
thicknesses at 100 mA g−1 in the potential range of 0.01–3.0 V. (b) Comparison of the 1st cycle 
discharge–charge profiles between the bare and ALD-modified Cu2S@NG electrodes. (c) The 
comparison of rate performance between the bare and ALD-modified electrodes at 100 mA g−1, 
0.5, 1, 2, 5, and 10 C in 0.01–3.0 V. 
 
To further investigate the effect of Al2O3 coating on the electrochemical performance the ALD-
Cu2S@NG electrodes, we conducted a comparative study on the bare and ALD-coated electrodes 
to investigate their redox potentials during cyclic voltammetry (CV) and interfacial resistances 
using EIS. Figure 4.4a,b exhibit the CV profiles for the bare and ALD-coated electrodes within 
five cycles at a scan rate of 0.1 mV s−1. Due to the electrochemically inactive nature of Al2O3 
coatings, the redox potentials for the Cu2S reaction in an ALD-coated electrode are identical to 
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those of the bare electrode, accounting for five cathodic peaks (at 1.89, 1.47, 1.13, 0.80, and 0.41 
V) and three anodic peaks (at 1.59, 1.88, and 2.13 V). Our previous study unveiled the 
electrochemical mechanism ascribed to the complex intercalation and conversion reactions using 
two synchrotron-based X-ray diffraction and absorption techniques [20]. Briefly, Na ions first 
enter the Cu2S lattice via intercalation when discharged to 1.6 V. Then, the intercalation proceeds 
together with some conversion between 1.6 and 0.8 V. Afterwards, the conversion reaction 
completes while Cu2S is fully discharged. On the other hand, two additional cathodic peaks at 
lower potentials of 0.13 and 0.016 V are due to SEI formation [30] and the Na-NG electrochemical 
reaction [19], respectively. To provide a better understanding of the specific capacity due to these 
two additional reactions, we integrated their areal CV profiles between 0.01 and 0.2 V (as shown 
in Figure 4.4c). The results reveal that the 6 nm Al2O3 coating could suppress side reactions in the 
initial three cycles. Moreover, the interfacial resistances of the bare and ALD-coated (2, 4, 6, 8 nm 
Al2O3) electrodes were examined after the first, second, and fifth cycle via EIS measurements (the 
Nyquist plots in Figure 4.4d,e and Figure SI-4.3a–e). EIS data fitting was conducted using an 
equivalent circuit model (Figure SI-4.3f). In comparison to the bare electrode, apparently, the 
interfacial resistance drastically decreased for the ALD-coated electrodes (Figure 4.4f and Table 
SI-4.2). This indicates that the interfacial stability is significantly enhanced by the ALD Al2O3 
coating. Furthermore, Figure 4.5 also corroborates that there was little change observed on the 
ALD-coated Cu2S@NG electrode using SEM images, accounting for a stable interface established 




Figure 4.4. Cyclic voltammetry profiles of (a) the bare Cu2S@NG and (b) the ALD-modified 
Cu2S@NG electrodes in the first 5 discharge–charge cycles. (c) Comparison of the discharged 
capacities in the range of 0.01–0.2 V for the first 5 cycles between the bare and ALD-modified 
electrodes. Nyquist plots with the fitting curves of electrochemical impedance spectroscopy (EIS) 
measurements of (d) bare and (e) ALD-modified electrodes in initial 3 cycles. (f) Comparison of 
the solid electrolyte interphase (SEI) film resistance between bare and ALD-modified electrodes. 
 
Figure 4.5. SEM images of the ALD-coated Cu2S@NG electrodes (a) before cycling (pristine), 
(b) after 1st discharge, and (c) after 1st charge. 
 
4.4. Conclusions 
In this study, we investigated the surface modification strategy via ALD to stabilize the high-
performance Cu2S@NG anode in the full voltage range of 0.01–3 V. An ultrathin (6 nm) Al2O3 
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coating was coated homogeneously on a Cu2S@NG electrode via ALD. Compared to the bare 
electrode, the ALD-coated Cu2S@NG electrode sustains high capacity of 374 mAh g
−1 at 100 mA 
g−1 for 100 cycles and exhibits ~100% retention in rate capability (up to 10 C). The stable 
performance of the ALD-coated Cu2S@NG electrode is mainly ascribed to the significantly 
enhanced interfacial stability by the ALD Al2O3 coating. Our study revealed that the ALD Al2O3 
coating can suppress the parasitic reactions at low potentials. As a consequence, the ALD-coated 
Cu2S@NG electrode enabled the highest electrode capacity of ~300 mAh g
−1, much higher than 
the capacity of 252 mAh g−1 of the bare Cu2S@NG electrode (Table S4.1). This work demonstrates 
that surface modification via ALD is a key strategy to enhance interfacial stability and improve 
electrochemical cyclability for the Cu2S@NG electrode. We expect that this work will shed light 
on development of high-performance SIBs using ALD modification. 
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Table SI-4.1. Summary of electrode loading and battery performance in all previously reported 























































































































† Our electrodes show the highest electrode capacity, regarding to the active material loading.  
 
 
Figure SI-4.1. High-magnification SEM images of (a) bare and (b) Al2O3-coated (80 cycles) NG 
and (c) bare and (d) Al2O3-coated (80 cycles) Cu2S demonstrate the uniformity and conformity of 
ALD coating on electrode materials. EDX element mapping of Al2O3-coated (e) NG and (f) Cu2S 




Figure SI-4.2. Cycling performance of a Na-NG half-cell, delivering 84 mAh g-1 capacity at 100th 
cycle. 
 
Figure SI-4.3. Nyquist plots from EIS measurements of ALD-coated Cu2S@NG electrodes with 
(a) 1, (b) 2, (c) 4, (d) 6, and (e) 8 nm Al2O3 coating during 5 cycles. (f) The physical model used 
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Table SI-4.2. The fitted EIS data for Cu2S@NG and ALD-coated Cu2S@NG at 0.01-3V 







CSEI (F) Cct (F) 
Cu2S@NG 
1 6.896 21.54 3.132 7.33E-07 7.42E-05 
2 5.948 177.4 18.56 4.18E-06 0.01408 




1 5.202 14.54 1.454 1.015E-6 0.01569 
2 4.366 81.11 21.48 1.945E-6 0.03081 
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Solid-state lithium batteries (SSLBs) have been regarded as one of the next-generation energy 
storage systems. With the adoption of solid-state electrolytes (SSEs) and lithium metal anodes, 
SSLBs enable higher energy density and more reliable safety than the state-of-the-art lithium-ion 
batteries. Among potential SSEs, the cation-doped Li7La3Zr2O12 (LLZO) is promising for its high 
ionic conductivity (~10-3 S cm-2) at room temperature and high stability with Li metal anode. 
However, the storage of doped LLZO in the ambient condition suffers the aging effect, including 
the structural transition (i.e. low-temperature cubic form) and the stoichiometric changes (i.e. 
Li2CO3). These changes are detrimental for LLZO ionic conductivity and interfacial stability in 
LSSBs. To this end, we are motivated to investigate the structural and stoichiometric reversibility 
of aged LLZO during the thermal treatment. With the help of in-situ synchrotron-based high-
energy X-ray diffraction technique, our experiments revealed that that the LLZO powders became 
a low temperature cubic phase when exposed to the ambient condition for an extended period of 
time. High temperature cubic form can be restored after a thermal treatment of the aged LLZO 
powder, regardless the type of dopant. However, the restoration of the stoichiometry remained a 
challenge, and the degree of the restoration showed a clear dependence on the dopant chemistry.  
Keywords: Solid-state electrolytes; Garnets; Thermal treatment; Reversibility; Dopants 
 
5.1. Introduction 
Solid-state lithium batteries (SSLBs) are one of the promising next-generation energy storage 
systems in terms of safety and volumetric energy density, while the state-of-the-art lithium-ion 
batteries use flammable and highly volatile carbonates as the solvent [1-3]. Solid-state electrolytes 
(SSEs) play the vital characters of both electrolytes and separators in SSLBs. To this end, SSE 
candidate materials need to fulfil some necessary criteria, such as high ionic conductivity, high 
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electrical resistance, high thermal and chemical stability, and high mechanical strength [4]. SSEs 
can be mainly categorized into several groups, such as oxides (i.e. garnet [5] and LISICON [6]), 
sulfides (i.e. Li10GeP2S12 [7] and Li7P3S11 [8]), hydrides (i.e. LiBH4 [9]), halides (i.e. Li2ZnI4 [10]), 
polymers [11], and inorganic-organic hybrids (i.e. garnet/poly(ethylene oxide) (PEO) [12]). The 
garnet-type cubic Li7La3Zr2O12 (LLZO) is one of promising SSE candidates, uniquely attributed 
to its high ionic conductivity of ~10-3 S cm-2 at room temperature, outstanding chemical and 
electrochemical stability with Li metal anode [5, 13].  
Owing to these promising characteristics for applications in SSLBs, LLZO has attracted increasing 
attentions for research and development [14, 15]. LLZO has two polymorphs with distinct ionic 
conductivities: tetragonal phase (𝐼41/𝑎𝑐𝑑 space group [16],  10
-6 to 10-7 S cm-2 [17]) and high-
temperature cubic phase (𝐼𝑎3̅𝑑 space group [18], ~10
-3 S cm-2 [5]). The tetragonal LLZO undergoes 
a reversible phase transition to high-temperature cubic form at around 650 oC [19, 20]. 
Nevertheless, LLZO has been suffering from stability issues to maintain its structure and 
stoichiometry during the storage in the ambient condition [21, 22]. With the presence of water, an 
additional low-temperature cubic form (i.e., Li7-xHxLa3Zr2O12) existed between 100 and 200 
oC in 
the transition from tetragonal to high-temperature cubic phase [19]. The low-temperature cubic 
form is lithium defective stoichiometry (i.e. Li7-xHxLa3Zr2O12) due to the Li-proton exchange 
mechanism [23, 24], associated with the formation of LiOH and Li2CO3 impurities at the surface 
of LLZO [21, 25]. This process is the so-called aging. The aged LLZO generally exhibits the 
deteriorated electrochemical performance, such as low ionic conductivity and high interfacial 
resistance [19]. In this context, it becomes vital to restore LLZO structure and stoichiometry and 
recover electrochemical properties before assembling the cell. To this end, the thermal treatment 
is widely applied in hope of restoring the aged LLZO back to its original structure and 
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stoichiometry by the deprotonation process as heated to 450 oC [19, 21] and the Li source 
compensation from the impurity decomposition (i.e., Li2CO3 at ~800 
oC) [26, 27]. It was also 
found that the La2Zr2O7 (LZO) appeared during the deprotonation process and then disappeared 
by the reaction with the decomposed Li2CO3 to restore LLZO [26, 28]. However, because high 
temperature (~1000 oC) is demanded for the complete removal of Li2CO3 [21, 29], LLZO suffers 
from the severe Li loss from Li2O volatilization and results in the formation of LZO again [27, 30]. 
A complete restoration of stoichiometry is crucial to minimize the residual LZO [30]. Due to its 
very low ionic conductivity (2.64 x 10-7 S cm-2 at room temperature), LZO at the grain boundary 
can seriously impede the lithium transport from grain to grain, and herein deteriorate the 
performance of LLZO solid-state electrolyte [31]. Hence, there lacks a critical understanding for 
the structural transitions of aged LLZO under thermal treatment, which is vital to maximize the 
LLZO restoration.  
Previous studies reported that doping some supervalent cations (i.e. Al3+ [32], Ga3+ [33], and Ta+5 
[34]) into LLZO lattice can significantly enhance the stability of high-temperature cubic LLZO 
structure and prevent the transformation to a low ionic-conductivity tetragonal phase. These 
supervalent cations occupy different sites in LLZO lattice and create various degrees of Li 
vacancies to enable the structural stability [35]. For instance, Al3+ cations directly substitute for 
Li+ at 24d sites in LLZO and create two Li vacant sites at 24d sites as well [36-38].  Nevertheless, 
Al-doped LLZO exhibited reduced ionic conductivity, because Al3+ cations impede Li diffusion 
through the joint of the 24d Li sites [37]. Despite being in the same element group with Al, Ga3+ 
cations not only stabilize cubic LLZO structure but also exhibit a superior ionic conductivity, twice 
of that in Al-LLZO [39]. Some recent studies disclosed that the superior ionic conductivity of Ga-
LLZO is attributed to the substitution of Ga cations at 96h Li sites in LLZO [40, 41], less 
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hinderance to Li diffusion through the joint of 24d Li sites. In comparison, Ta5+ cations perform 
substitution at Zr sites to stabilize the cubic LLZO structure [42] and create one Li vacancy at 24d 
site [43, 44]. In addition, the critical amount of Al3+, Ga3+, and Ta5+ cations to maintain cubic 
LLZO was reported at least ~0.2, ~0.2, and 0.4-0.5 mol. [34, 35], respectively. Their critical 
amounts achieve a good agreement of 0.4~0.5 mol Li vacancy per LLZO volume for stabilizing 
cubic LLZO structure. Even though many efforts revealed that these supervalent cations can 
prevent cubic LLZO structure from transformation to tetragonal phase, the doped LLZOs are still 
sensitive to moisture and convert to low temperature cubic form after aging in the ambient 
condition [23, 24]. A thermal treatment before the cell assembling to restore both the structure and 
the stoichiometry is needed to maximize the performance of the electrolyte. Hence, a fundamental 
understanding on the structural and stoichiometric reversibility between the low temperature cubic 
form and high temperature cubic form will provide more rational for development of dopant 
chemistry for high performance LLZO. 
In this work, we report a systematic investigation on the structural and stoichiometric reversibility 
of aged LLZO under thermal treatment. Three aged LLZO samples, including Li6.6La3Zr1.6Ta0.4O12 
(Ta-LLZO), Li6.25La3Zr2Al0.25O12 (Al-LLZO), and Li6.25La3Zr2Ga0.25O12 (Ga-LLZO), are chosen 
as the model LLZO materials for this study. Because of Li-proton exchange effect in the air, all 
aged LLZO samples exhibit the proton-induced structural transformation to the low-temperature 
cubic form (i.e. Li7-xHxLa3Zr2O12) with LiOH and Li2CO3 impurities. To gain insights into the 
structural transitions during thermal treatment, we performed high-temperature in-situ High-
Energy X-ray diffraction (HEXRD) for all aged LLZO samples. Through Rietveld refinement 
analysis, we observed that the thermal treatment only partially restored the structure of LLZO with 
a measurable amount of residual LZO, indicating an incomplete restoration of LLZO stoichiometry. 
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This study is significant for better restoring LLZO to constitute high-performance solid-state 
batteries.   
 
5.2. Materials and Methods 
5.2.1. Materials 
The commercial Ta-, Al-, and Ga-doped LLZO powders were received from Toshima 
Manufacturing Co., Ltd. company. Their compositions are Li6.6La3Zr1.6Ta0.4O12, 
Li6.25La3Zr2Al0.25O12, and Li6.25La3Zr2Ga0.25O12, respectively.  
5.2.2. Characterizations 
High-temperature in-situ HEXRD experiments were conducted at 11-ID-C beamline at the 
Advanced Photon Source (APS) at Argonne National Laboratory (ANL). The wavelength of 
synchrotron X-ray is 0.1173 Å. The high-temperature process consisted of three-segments, 
including heating, high-temperature dwelling, and cooling steps. Ta-, Al-, Ga-LLZO were heated 
up to 950, 1000, and 1050 oC, respectively. The ramp rate for heating and cooling steps was 5 oC 
per min, and the dwelling time at high temperature was 1 hour. High-resolution XRD (HRXRD) 
was conducted at 11-ID-B beamline at APS at ANL, with the wavelength of 0.4579 Å. All Pawley 
and Rietveld refinements for these XRD data were conducted using GSAS-II analysis tool. GSAS-
II tool applies the peak-broadening functions that is similar to the Williamson-Hall plot for 
calculating the sizes and the strains of LLZO grains. TGA/DSC measurements were conducted 
using NETZSCH. The temperature ramp rate was 5 oC per min. Alumina pans containing ~1 mg 
LLZO powders were heated from room temperature to 800 oC at a ramp rate of 5 oC per min in the 
air. SEM was carried out on Zeiss NVision 40 instrument at 3kV for characterizing LLZO 
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morphology. The element dispersions on LLZO were examined by SEM/EDX on Hitachi S-4700 
instrument. FT-IR spectra were acquired on a Perkin Elmer Spectrum 100 FT-IR spectrometer 
using attenuated total reflection (ATR) model. 
 
5.3. Results and Discussion 
5.3.1. Structure and Composition of Aged Ta-LLZO 
The aged Ta-LLZO is first selected to demonstrate our systematic investigation of LLZO structural 
transition and stochiometric changes during thermal treatment. The as-received Ta-LLZO powder 
has been exposed to the ambient condition for an extended period of time, and hence the as-
received sample is considered as aged. The scanning electron microscope (SEM) image (Figure 
5.1a) exhibits the discrete Ta-LLZO particles with a size distribution from 0.3 µm to 1.3 µm. The 
synchrotron-based high-resolution XRD (HRXRD)  was also conducted for Ta-LLZO powder to 
reveal the crystallographic information. Through preliminary Pawley and Rietveld refinements, it 
was found that HR-XRD pattern for Ta-LLZO powder could not be well-fitted using a single 
cubic-LLZO phase, because of the splitting XRD peaks (as shown in Figure SI-5.1a in Support 
Information). In comparison, the refinement using two LLZO phases demonstrate the significantly 
improved fitting results with less residual signal (Figure SI-5.1b). This comparison evidently 
suggests the various atomic compositions for LLZO lattice in aged Ta-LLZO powder. With 
involving atomic occupancy and thermal parameters, Figure 5.1b presents the Rietveld 
refinements for Ta-LLZO pattern using two phases. The two cubic LLZO phases exhibit slightly 
different lattice constants of 13.071 ± 0.00023 Å and 13.039 ± 0.00035 Å, but a substantial 
difference on grain sizes (0.5 vs. 0.13 µm, as summarized in Table 5.1) was observed. The results 
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on the two-phase model imply that there might be a compositional gradient on the protonated Ta-
LLZO, causing the inhomogeneity on the lattice parameters and grain size. 
 
Figure 5.1. (a) SEM image of the aged Ta-LLZO particles. (b) Pawley and Rietveld refinements 
for HRXRD of aged Ta-LLZO using two cubic LLZO phases. Inlet images reveal the quality of 
refinements. The “†” symbol stands for Li2CO3 phase. The wavelength for HR-XRD is 0.4579 Å. 
 
Table 5.1. Summary of the cubic LLZO structural information of Ta-, Al-, and Ga-doped LLZO 
from their Pawley and Rietveld refinements of HR-XRD. 
 
The aged Ta-LLZO also presents some floss-like impurities on the surface, which might be formed 
by Li-proton exchange, as shown in Figure 5.2a(i). EDX mapping exhibits element dispersion of 
Ta-LLZO particles on the Si wafer (Figure 5.2a(ii-v)). The carbon signal fully covers Ta-LLZO 
particles, probably indicating Li2CO3 formation on the surface. Further characterizations were 
performed to confirm impurity compositions. HR-XRD patterns (Figure 5.1b) reveals weak 
Li2CO3 peaks, marked with “†” symbols. Because XRD characterization is insensitive to weak 
 
Ta-LLZO Al-LLZO Ga-LLZO 

















46 54 42 58 60 40 
Size (µm) 0.5 0.13 0.894 0.298 1.166 0.125 
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crystalline or amorphous materials, Fourier-transform infrared spectroscopy (FT-IR) analysis was 
then conducted to confirm the possible impurity compositions in the aged Ta-LLZO powder (as 
shown in Figure 5.2b). The absorption peaks at 865 cm-1, 1090 cm-1, and 1430/1499 cm-1 
correspond to the bending, the symmetrical stretching, and the anti-symmetric stretching vibration 
modes of the C-O bond of Li2CO3, respectively [45, 46]. These characteristic FT-IR peaks also 
match with the standard spectra of Li2CO3 raw material (Figure 5.2b). The absorption peak at 
3552 cm-1 coincides with the stretching vibration of O-H bond in the standard spectra of LiOH raw 
material [45, 47]. No noticeable characteristic peak at 997 cm-1 for H2O wagging vibration 
suggests the negligible lattice water for LiOH in aged Ta-LLZO powder [48]. Considering the 
weak and very broadening refraction peaks for LiOH and Li2CO3 in HEXRD pattern, it is highly 
possible that both LiOH and Li2CO3 coexist in a eutectic state
 [49]. These two impurities are 
known as the products from Li+-H+ exchange in LLZO when exposed in the air [25].  
 
Figure 5.2. (a) SEM image (i) and EDX mapping (ii-v) of Ta-LLZO particles on Si substrate, 
confirming the existence of Li2CO3 as the strong C signal. (b) Comparison of FT-IR spectra of 
aged Ta-LLZO powder, raw LiOH material, and raw Li2CO3 material.  
 
A thermogravimetric analysis/differential scanning calorimetry (TGA/DSC) was conducted to 
estimate the amount of LiOH/Li2CO3 generated during aging. As illustrated in Figure 5.3a, the 
aged Ta-LLZO powder shows two major weight loss steps. The first reaction takes place between 
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225 oC and 625 oC, accounting for an initial weight loss of 9.43 wt%, which might be ascribed to 
the H2O release from LiOH decomposition and the deprotonation reaction of the low temperature 
cubic LLZO [19, 50]. The second step has a weight loss of 3.54 wt% between 625 oC and 730 oC, 
which might be due to the endothermic decomposition of Li2CO3 [21, 51]
 and the partial 
conversion of LZO based on our in-situ HEXRD results.  
 
Figure 5.3. TGA/DSC results of (a) Ta-LLZO, (b) Al-LLZO, and (c) Ga-LLZO powder. 
 
5.3.2. Evolutions of structural transitions in Ta-LLZO 
To obtain a deep insight into the LLZO structural transitions during thermal treatment, high-
temperature in-situ HEXRD experiments were conducted. Figure 5.4 exhibits the high-
temperature in-situ HEXRD patterns of Ta-LLZO during the thermal treatment. To elucidate the 
detailed structural transitions, the sequential Rietveld refinements were also performed for all in-
situ HEXRD patterns using GSAS-II software. The major phase can be well fitted with a single 
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cubic LLZO model (space group 𝐼𝑎3̅𝑑 ), while different minor components were observed at 
different temperature ranges. Figure 5.5a illustrates a typical fitting results of sequential Rietveld 
refinements by exemplifying a Ta-LLZO XRD pattern at 813 oC with a small Rwp error of ~7.0 %. 
Within the temperature range between the room temperature and 225 oC (stage 1), the Ta-LLZO 
powder only exhibits a thermal expansion; all the diffractions peaks gradually shift towards a 
smaller 2 value (Figure 5.4). In other words, the Ta-LLZO powder retains a low temperature 
cubic structure as illustrated by the HRXRD (Figure 5.1c). Major crystallographic changes are 
observed after 225 oC; the evolution of each crystallographic species and the associated solid-state 
reaction will be discussed in detail in the following sessions.  
 
Figure 5.4. High-temperature in-situ HEXRD phase evolutions of Ta-LLZO. The “‡”, “*”, and “†” 
symbols stand for LLZO, LZO, and Li2CO3 phases, respectively. The wavelength for in-situ 





Figure 5.5. (a) One of the sequential Rietveld refinements of high-temperature in-situ HEXRD 
pattern for Ta-LLZO at 813 oC, showing the majority phase of LZO. Comparison of the 
temperature evolutions of (b) lattice parameters, (c) LLZO phase fraction, and (d) LZO phase 
fraction among Ta-LLZO, Al-LLZO, and Ga-LLZO, obtained from the sequential Rietveld 
refinements.  
 
5.3.2.1. Deprotonation of LLZO 
At the beginning of the stage 2 between 225 oC and 660 oC, diffraction peaks of cubic LLZO 
(Figure 5.4) gradually shift towards larger 2 values, which is a quick indication of the shrinkage 
of lattice parameters with the increase of the temperature. The sequential Rietveld refinement of 
in-situ HEXRD patterns offers a clear view on the evolution of the lattice constant as a function of 
the heating temperature (Figure 5.5b and Figure SI-5.9 in the supporting information). It is 
observed that the lattice constant (a) of LLZO shrinks from 13.028 Å (at 225 oC) to 13.005 Å (at 
660 oC). This observation also shows a strong correlation with the first stage weigh loss in TGA 
results of Ta-LLZO (Figure 5.3a). This can be explained as a solid-state reaction that consumes 
LiOH on the surface of Ta-LLZO. Combining the XRD and TGA results, it is believed that the 
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solid-state reaction occurs at the beginning of stage 2 is a reversed process of Li+-H+ exchange 
reaction that occurs during the aging of LLZO (proposed in the general reaction in Equation 5.1a). 
Li7-xHxLa3Zr2O12 + xLiOH = Li7La3Zr2O12 + xH2O                           (5.1a) 
Nevertheless, at the latter of stage 2 between 660 oC and 730 oC, the LLZO fraction drastically 
diminished, accompanied by rapidly increased LZO fraction (as shown in Figure 5.4 and Figure 
5.5c,d). In the meantime, second reduction of Ta-LLZO lattice parameter was observed, i.e., from 
13.005 Å (at 660 oC) to 13.002 Å (at 730 oC) (Figure 5.5b). It also implies a structural transition 
from low-temperature cubic form to high-temperature cubic form. Yet, different from the reaction 
at the beginning of stage 2, this process is regarded as a self-deprotonation reaction caused by 
insufficient Li and O sources to compensate. Two possibilities might be responsible for the 
insufficient compensations of Li and O. On the one hand, as LiOH is consumed in the reaction 
with low-temperature cubic LLZO form (Equation 5.1a), the eutectic solution of LiOH and 
Li2CO3 gains an increased melting temperature according to the phase diagram [49] and becomes 
more difficult to proceed the reversed Li+-H+ exchange reaction. On the other hand, we believe 
that the slower O diffusion compared to the Li diffusion below 800 oC [52] might hinder the 
restoration process in which the decomposed Li2CO3 (the second weight loss of TGA in Figure 
5.3a) compensates for the deprotonated LLZO. As a consequence, the self-deprotonation of Ta-
LLZO occurred and even resulted in the LLZO structural collapse to LZO after 660 oC. These 
structural transitions between 660 oC and 730 oC mainly due to self-deprotonation is proposed in 
the general reaction in Equation 5.1b.  
Li7-xHxLa3Zr2O12 = Li7La3Zr2O12 + La2Zr2O7 + (x/2)H2O                    (5.1b) 
In a word, the deprotonation reaction in the stage 2 is two-step processes, including initially a 
reversed Li+-H+ exchange reaction between 225 oC and 660 oC and subsequently a self-
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deprotonation reaction between 660 oC and 730 oC. At the end of this stage, LZO and LLZO 
presents the globally highest (51 wt%) and lowest (47 wt%) fractions, respectively, inferring a 
completion of the deprotonation reaction.  
5.3.2.2. Restoration of LLZO 
In stage 3 between 730 oC and 950 oC, the in-situ HEXRD patterns (Figure 5.4) reveal that LLZO 
content starts increasing up to 92.3 wt% at 950 oC (Figure 5.5c), while LZO content decreases to 
7.6 wt% (Figure 5.5d). Li2CO3 peaks completely disappeared at ~860 
oC, implying sufficient Li 
and O source to compensate for LLZO restoration. In addition, it is also believed that the increased 
O diffusion at high temperature no longer hinder the compensation process. Hence, the LLZO 
restoration is enabled from the reaction of LZO and Li2CO3, as Equation 5.2.  
La2Zr2O7 + Li2CO3 = Li7La3Zr2O12 + CO2                                (5.2)  
Nonetheless, LLZO restoration is incomplete from heating process, because of the residual 7.6 wt% 
LZO content. It might be induced by lack of Li2O source due to minor Li2O volatilization below 
1000 oC [53] or slow kinetics of simultaneous infusion of both Li and O in the solid-state reaction.  
5.3.2.3. Li2O Volatilization and LLZO Degradation 
After restoration in the heating process, the tardily diminished LLZO and increase LZO intensities 
were observed (Figure 5.4) as staying longer time at the high temperature. It indicates that high-
temperature cubic LLZO structure suffers more degradation to LZO from Li2O loss at the high 
temperature [30]. Until ~750 oC in the cooling process, LLZO fraction drastically drops to 71 wt%, 
accompanied with 29 wt% LZO (Figure 5.5c,d). The acute structural transition is attributed to that 
massive Li2O volatilization results in the critical Li and O deficiencies in LLZO lattice, failing to 
sustain cubic structure [55]. The reaction mechanism is proposed in the following Equation 5.3.  
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Li7La3Zr2O12 = La2Zr2O7 + Li2O (volatilization)         (5.3) 
Afterwards, no significant LLZO structural degradation to LZO suggests the end of Li2O 
volatilization.  
5.3.2.4. Li2CO3 and LiOH Regeneration 
As cooling below 600 oC, the respawned Li2CO3 via XRD (Figure 5.4) indicate the CO2 re-
absorption. In addition, LLZO lattice expansion at ~400 oC suggests the re-protonation in LLZO 
(Figure 5.5b), with regenerated LiOH impurity (Figure SI-5.9). These findings reveal that the 
high-temperature cubic Ta-LLZO form can easily react with CO2 and moisture to form the low-
temperature form again when cooling in the air, as the following Equation 5.4.  
Li7La3Zr2O12 + H2O + CO2 = Li7-xHxLa3Zr2O12  + LiOH + Li2CO3                 (5.4) 
After the entire thermal treatment, Ta-LLZO contains 63 wt% cubic LLZO, 27 wt% LZO, 6 wt% 
Li2CO3, and 4 wt% LiOH phases.  
In summary, the thermal-treatment method plays a vital role in the restoration of the aged Ta-
LLZO, eliminating the detrimental effects of protons on structure and stoichiometry. During the 
heating process, Ta-LLZO undergoes the deprotonation reaction from low-temperature cubic form 
and the restoration process to high-temperature cubic form. Meanwhile, the proton-induced 
impurities (i.e., Li2CO3 and LiOH) thermally decompose and compensate Li and O sources for the 
deprotonated Ta-LLZO to restore the high-temperature cubic form. However, Li2O volatilization 
at high temperature results in the massive Li and O losses in Ta-LLZO and even the severe 
structural degradation to LZO, which is the main culprit for the stoichiometric irreversibility 
during thermal treatment. During a subsequent cooling process, the air sensitivity of Ta-LLZO 
leads to re-protonation and regeneration of Li2CO3 and LiOH impurities. Based on our findings, 
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we strongly suggest performing thermal treatment in an inert gas (e.g., Ar) against the repeating 
aging process.  
 
5.3.3. Comparison of Ta-, Al-, Ga-doped LLZO During Thermal Treatment 
To investigate the potential impact of dopant chemistry on the structural and stoichiometric 
reversibility of aged LLZO, the same investigations were also conducted for Al-LLZO and Ga-
LLZO samples. SEM images show the morphologies of Al-LLZO particles with a size distribution 
of 0.3 µm to 2.0 µm (Figure SI-5.2a) and Ga-LLZO particles with a size distribution of 0.3 µm to 
1.9 µm (Figure SI-5.3a). The HR-XRD patterns of both materials were refined using the two 
cubic-phase mode (Figure SI-5.2b and Figure SI-5.3b), because of the sharp peaks with broad 
tails. Rietveld refinements suggest the grain size distributions of 0.298-0.894 µm for Al-LLZO 
and 0.125-1.166 µm for Ga-LLZO (as summarized in Table 5.1), suggesting the grain size gradient. 
Nevertheless, unlike the splitting peaks of different lattice constants in Ta-LLZO (Figure SI-5.1), 
Al-LLZO and Ga-LLZO XRD patterns both show two cubic LLZO phases with close lattice 
constants (Table 5.1), implying their compositional homogeneity.  
SEM/EDX images indicates the formation of Li2CO3 on the Al-LLZO surface (Figure SI-5.4a) 
and Ga-LLZO surface (Figure SI-5.5a). The impurity compositions of LiOH and Li2CO3 in aged 
Al-LLZO and Ga-LLZO are also confirmed via FT-IR (Figure SI-5.4b and Figure SI-5.5b). As 
illustrated by TGA results (Figure 5.3b,c), both Al-LLZO and Ga-LLZO undergo two-step weight 
losses. For Al-LLZO, first weight loss of 10.54 wt% at 200-620 oC stands for the LiOH 
decomposition and deprotonation from LLZO lattice, and second weight loss of 4.39 wt% at 620-
740 oC indicate the Li2CO3 decomposition and the self-deprotonation. Similarly, Ga-LLZO 
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experiences the first weight loss of 5.52 wt% at 315-630 oC and second weight loss of 4.60 wt% 
at 630-780 oC.  
To compare the reversibility under thermal treatment, high-temperature in-situ HEXRD 
experiments were also conducted for aged Al-LLZO (Figure SI-5.7) and Ga-LLZO (Figure SI-
5.8). The sequential Rietveld refinements were performed to reveal the LLZO structural and 
stoichiometric transitions. Figure 5.5b presents analogous but distinguishable temperature 
evolutions of Ta-, Al-, and Ga-LLZO lattice constants. The high-temperature cubic forms of three 
samples are restored from the analogous two-step deprotonation reactions in the heating process, 
i.e., the reversed Li+-H+ exchange process (1st lattice shrinkage) and the self-deprotonation (2nd 
lattice shrinkage). Differently, the reversed Li+-H+ exchange process is predominant in Ta-LLZO 
restoration, while Al-LLZO and Ga-LLZO are both restored by the almost equal contributions of 
two deprotonation reactions. It is believed that the substitution of Ta cations at Zr sites enables fast 
Li kinetics during the reversed Li+-H+ exchange reaction, while the substitutions of Al cations at 
24d Li sites and Ga cations at 96h Li sites hinder Li kinetics. In addition, three doped LLZO 
samples generally suffer re-protonation when cooling in the air, indicating the universal issue of 
moisture sensitivity regardless dopant chemistry. Figure 5.5c,d exhibits the comparison of major 
stoichiometric transitions in LLZO and LZO phases, respectively. After thermal treatment, Ta-, 
Al-, and Ga-LLZO samples all exhibit LLZO fractions of 63, 58, and 38 wt% (Figure 5.5c), 
respectively. The main impurity in three samples is commonly LZO, caused by Li2O volatilization 
at high temperature. It indicates that the stoichiometric irreversibility under thermal treatment are 
the universal issue for three doped LLZO samples.  
Remarkably, Ta-LLZO shows the highest LLZO content of 63 wt% among three samples. It might 
indicate that the substitution of Ta cations at Zr sites [42] better mitigates Li2O volatilization and 
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more prevents LLZO from the structural degradation to LZO. In addition, at the end of heating 
process, Ta-LLZO also has the highest LLZO content (92.3 wt%). It is believed that the 
substitution of Ta cations at the non-Li sites enables faster kinetics of Li diffusion to compensate 
LZO for better restoration at lower temperature. In comparison, Al cations and Ga cations occupy 
at Li 24d sites and Li 96h sites, respectively, and might hinder the Li diffusion [37, 40, 41]. Higher 
thermal energy is demanded for restoring Al- and Ga-doped LLZO, but also induce severe Li2O 
volatilization at higher temperature.  Herein, owing to the advantageous dopant chemistry, Ta-
LLZO presents the highest degree of reversibility among three samples.  
 
5.4. Conclusions 
The reversibility of LLZO aged in the air is of significant interest to mass production. This work 
systematically investigated the effects of thermal treatment on restoring the high-temperature cubic 
LLZO form via deprotonation and impurity decomposition. With the high-temperature in-situ 
HEXRD technique, we are able to gain deep insights into the structural evolutions of the aged 
LLZO with temperature. Our results unveil that thermal treatment is capable of restoring high-
temperature cubic structure from the aged LLZO, but only achieve the partial LLZO stoichiometric 
reversibility. The structural degradation of LLZO to LZO due to Li2O volatilization at high 
temperature is the main culprit for the stoichiometric irreversibility during the thermal treatment. 
This issue is universal for Li6.6La3Zr1.6Ta0.4O12, Li6.25La3Zr2Al0.25O12, and Li6.25La3Zr2Ga0.25O12 
samples, implying that supervalent cations cannot prevent LLZO structural degradation. Hence, it 
still remains a big challenge to develop highly reversible doped LLZO. It is worth noting that in 
this study the three doped LLZO showed different degrees of structural restoration after thermal 
treatment, implying that the strong dependence of dopant chemistry. The substitution of Ta cations 
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at Zr sites (or non-Li sites) enables faster kinetics of Li diffusion to better facilitate restoration at 
lower temperature, compared with Al and Ga cations. This prevents Li2O volatilization at higher 
temperature to retain more high-temperature LLZO cubic form during the thermal treatment. Our 
study provides a key understanding on restoration of aged LLZO and aims to boost better 
developments of LLZO in solid-state lithium batteries.  
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Figure SI-5.1. Comparison of HR-XRD Rietveld refinements with (a) one LLZO phase versus 
(b) two LLZO phases.  
 
Figure SI-5.2. (a) SEM image of the received Al-LLZO particles. (b) Pawley and Rietveld 
refinements for HR-XRD of Al-LLZO. Inlet images reveal the quality of refinements. The “†” 




Figure SI-5.3. (a) SEM image of the received Ga-LLZO particles. (b) Pawley and Rietveld 
refinements for HR-XRD of Ga-LLZO. Inlet images reveal the quality of refinements. The “†” 
symbol stands for Li2CO3 phase. The wavelength for HR-XRD is 0.4579 Å. 
 
Figure SI-5.4. (a) SEM image (i) and EDX mapping (ii-v) of aged Al-LLZO particles on Si 
substrate, confirming the existence of Li2CO3 as the strong C signal. (b) FT-IR spectrum of  aged 
Al-LLZO, confirming LiOH and Li2CO3 impurities.  
 
Figure SI-5.5. (a) SEM image (i) and EDX mapping (ii-v) of aged Ga-LLZO particles on Si 
substrate, confirming the existence of Li2CO3 as the strong C signal. (b) FT-IR spectrum of  aged 




Figure SI-5.6. High-temperature in-situ HEXRD patterns for Ta-LLZO.  
 
Figure SI-5.7. High-temperature in-situ HEXRD patterns for Al-LLZO. 
 




Figure SI-5.9. Sequential Rietveld refinements for high-temperature in-situ HEXRD patterns 












This dissertation is aimed at: (i) developing novel electrode and electrolyte materials, (ii) 
investigating underlying mechanisms to advance the knowledge in batteries and materials, and (iii) 
developing the surface modifications via ALD to enhance electrode performance. In this 
dissertation, a superior Cu2S anode in SIBs and a promising LLZO SSE in SSLBs were 
investigated to improve the performance of rechargeable batteries. A series of electrochemical 
experiments and advanced characterizations were conducted to probe the fundamental 
mechanisms and the associated issues. The methodology conducted in this dissertation could be 
also used as the benchmarking test to evaluate other novel battery materials.   
ALD vapor-phase thin-film technique has emerged as a promising surface modification method, 
featuring its high uniformity, unrivaled conformality, atomic-scale precision, and excellent 
controllability. To understand the growth characteristics and underlying mechanisms for metal 
oxides, a revisit study was performed on ALD ZnO thin films using DEZ and H2O precursors. 
This study clearly revealed the temperature-dependent growth rates and the high degree of 
crystallinity at all temperature range from 30 to 250 °C. Relying on the precise thickness 
measurements, different thermodynamic reaction mechanisms of DEZ and H2O precursors were 
proposed at different temperatures. In addition, ALD ZnO thin films also exhibited the uniform 
and conformal coverage on 2D planar Si(111) wafer and 3D nano-structured NG surface. This 
work was the preliminary preparation for the following electrode surface modification study.  
A Cu2S@NG composite anode for SIBs was developed using a facile and scalable ball-milling 
method. Cu2S particles are wrapped by NG to mainly inhibit the severe polysulfide shuttling effect 
and improve electrode integrity. With the help of synchrotron-based in-situ XAS and XRD, the 
electrochemical mechanisms of Cu2S and Na
+ in SIBs were clearly stated. It was also disclosed 
142 
 
that some irrelevant reactions to Cu2S electrochemistry might be ascribed to the SEI formation and 
some parasitic reactions at the electrode/electrolyte interface, leading to the capacity depletion 
over cycling. A rational strategy of cut-off voltage was adopted to avoid the side reactions. As a 
result, Cu2S@NG electrode exhibited superior electrochemical performance, particularly for high 
rate cyclability. Nevertheless, some Cu2S capacity was compromised by this strategy. To this end, 
another strategy without the compromise of active capacity, such as surface modification method, 
was highly desired to further boost the Cu2S performance.  
Subsequently, the surface modification strategy via ALD was developed to stabilize the high-
performance Cu2S@NG anode in the full voltage range. An ultrathin (6 nm) Al2O3 coating was 
coated homogeneously on a Cu2S@NG electrode via ALD using TMA and H2O. It was revealed 
that the ALD Al2O3 coating can suppress the parasitic reactions at the electrode/electrolyte 
interface. Consequently, the ALD-coated Cu2S@NG electrode enabled the to-date highest 
electrode capacity. This work demonstrates that surface modification via ALD is a vital method to 
improve interfacial stability and enhance electrochemical performance for electrode materials. 
Moreover, the evaluation of a novel LLZO SSE for mass production is also of significant interest 
in this dissertation. Although various merits on high ion conductivity, wide voltage window, and 
high stability with Li metal anode, LLZO suffers some practical challenges in the storage and 
fabrication due to the rapidly aging issue in the contact with air. The aged LLZO experiences Li-
proton exchange, resulting in the formation of highly resistive Li2CO3 at the surface and grain 
boundary and as well the structural degradation with deteriorated ionic conductivity. This study 
aimed to understand the restoration process of aged LLZO through heat treatment method. With 
the applications of high-temperature in-situ HEXRD, it was unveiled that heat treatment could 
restore high-temperature cubic structure from the aged LLZO but only achieve the partial LLZO 
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stoichiometric reversibility because of Li2O volatilization at high temperature. Hence, it remains 
a big challenge to develop highly reversible doped LLZO. In addition, the degree of restoration 
exhibited the strong dependence of dopant chemistry, suggesting some guidelines for further 
development of SSEs.  
 
6.2. Outlook 
From this dissertation, the electrochemical performance of electrode materials exhibited strong 
correlations with their interfacial chemistry, such as SEI formation and parasitic reactions. Future 
studies could be addressed on the intensive investigations of interfacial chemical/electrochemical 
mechanisms and the extensive investigations of other novel electrodes. This aims to further boost 
their performance and speed up the practical applications for commercialization. 
• The qualitative and quantification analysis on the interfacial chemistry (i.e., leakage current 
tests and XPS surface characterizations) could be adopted to better identify the interfacial 
issues. For example, high energy-density Ni-rich NMC cathode and high-capacity Si anode 
are the focusing next generation of cathode and anode materials in the commercial LIBs, 
respectively. The research efforts on these materials could also be emphasized to 
understand the performance degradation from the structural and interfacial chemistry 
aspects. This diagnosis is also favorable for developing the rational strategies to improve 
interfacial stability and enhance electrochemical performance.  
In this dissertation, surface modification via ALD demonstrated positive impacts on the inhibitions 
of SEI formation and parasitic reactions at the electrode/electrolyte interface for enhanced 
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performance. Further research might need to seek for the suitable coating materials for different 
electrodes.  
• Generally, metal oxides as coating materials results in slow ion transfer between electrode 
and electrolyte, greatly limiting the fast-charge performance. The ALD coating materials 
with high ionic conductivity, such as Li-contained compounds, should be adopted for 
protecting electrode materials and enabling fast ion transfer.  
• Various coating materials should be investigated in accordance with different electrodes 
for different needs. For instance, Si anode suffers extremely large volume change up to 
400%, thus requiring a flexible and stretchable coating. The molecular layer deposition 
(MLD), as the extensive technique of ALD, could offer more possibilities of soft organic 
coatings.    
This dissertation also investigated the promising LLZO SSE.  Despite of having many great efforts, 
LLZO SSE technology are still in the infant status for commercialization.  The structural stability 
and storage concerns would be critical to prevent the aging issues and the deteriorated performance 
in LLZO. In addition, the electrochemical performances for LLZO in LIBs should be next studied. 
There are some suggestions for future studies.  
• The work on the heat-treatment restoration of LLZO suggested more efforts on the 
protection of pristine structure and stoichiometry before cell assembly. High-temperature 
Li2O volatilization should be avoided for the stoichiometric irreversibility. While adopting 
other restoration methods, the practical concerns on the cost and time should be also 
considered for mass production.  
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• The electrochemical performances of Li/LLZO/Li symmetric cells and NMC/LLZO/Li full 
cells could be studied later. Future efforts could be addressed on the intensive investigation 
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